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ABSTRACT 

The effect of season on metabolism, water loss 

and body temperature at varying ambient temperatures from 

2 to 50 C. was studied in summer and winter samples of the 

rabbit (Sylvilagus auduboni) and the hares (Lepus cal-

ifornicu.s and L. alleni? which inhabit the Sonoran Desert. 

Seasonal acclimatization in these physiological parameters 

was exhibited to a varying extent by each of the three 

species. 

Prom s\ammer to winter the thermoneutral zone 

shifted downwards in temperature with decreases in both 

lower and upper critical temperatures. During the winter 

metabolism increased over the summer rate above thermo-

neutrality, except in L. californicus where no change oc

curred, and decreased at ambient temperatures below 

thermoneutrality. Standard metabolism increased in both 

L. alleni and S. auduboni by 18 and 21 percent during 

the winter and did not change at all in L. californicus. 

This is the first time that significant changes in stand

ard metabolism have been reported for the same natural 

population of homeotherms in response to seasonal changes 

in environmental conditions. 

xvi 



xvii 

Water loss during the winter was lower than the 

summer values at ambient temperatures below 25 C. and 

higher above. Water loss also began to increase at lower 

ambient temperatures during the winter (ca. 25 C.) than in 

the summer (ca. 30 C.). However, because of the concurrent 

winter increases in metabolism, the percent of metabolic 

heat dissipated through evaporative water loss did not 

change on a seasonal basis. Total dissipation occurred 

at approximately 3 8 C. for L. californicus, 40 C. for L. 

alleni, and 41.5 C. for S_. auduboni. 

Body temperature in general did not differ sea

sonally below 25 C. although the summer values in L. 

alleni were lower than in the winter at ambient temperatures 

below 15 C. Hyperthermia began at higher ambient tempera

tures during the summer, and hyperthermic body temperatures 

were higher in the winter at a given ambient temperature. 

During both seasons hyperthermia began at ambient tempera

tures well within the thermoneutral zone. During summer 

and winter body temnerature equalled ambient temperature 

at approximately the same level of 4 0,1 C. in L. cal

if ornicus , 40.4 C. in L. alleni, and 42.3 C. in S. auduboni. 

Seasonal acclimatization in L. alleni and £3. 

auduboni is attributed to changes in both standard metabo

lism and insulation while in L. californicus the changes 

occurred only in insulation. These differences in patterns 
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of acclimatization are correlated with relative size, 

geographical distribution and microhabitat selection of 

the three species. 

Aspects of desert survival for the three species 

of Leporidae are considered as discussed in detail by 

Schmidt-Nielsen (1964) and Schmidt-Nielsen et al. (1965). 

It is concluded that the three leporids solve their thermo

regulatory problems in the desert by taking advantage of 

every possibility to minimize the heat load and water 

expenditure. 



INTRODUCTION 

This is a study of the seasonal changes (acclima

tization) in thermal regulation that occur under natural 

conditions in the three species of Leporidae inhabiting 

the Sonoran Desert. Similar studies of acclimatization 

are relatively few in number and have been concerned only 

with homeotherms inhabiting areas of extreme seasonal cold 

(e.g., Irving, Krog and Monson, 1955; Hart and Heroux, 

1953; Hart, Pohl and Tener, 1965; Hart, 1962). The homeo

therms in these studies responded to the extreme winter 

cold either by increasing insulation or by increasing heat 

production capability at the lower temperatures, or both. 

These two responses have been termed insulative and meta

bolic acclimatization and, although not mutually exclusive, 

there is indication that seasonal metabolic adjustments 

occur in small mammals and are replaced in larger ones by 

seasonal insulative changes (Hart, 1957). 

Seasonal changes are generally explained in refer

ence to the stressful environmental parameter, and under 

desert conditions one may expect to find different types 

of acclimatization for the primary stress is not cold but 

heat. One may speculate that the changes observed will be 

in response to the extreme summer heat, and that the winter 
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response is closer to the normal, non-acclimatized state. 

Thus, an increase in metabolism between summer and winter 

could very well be explained in the desert as a summer de

crease in metabolism for this would be a definite advantage 

to desert inhabiting homeotherms. The lower the metabolic 

rate the less water is required to maintain thermal balance 

and the more environmental heat can be dissipated. Also 

one is used to thinking of increase in insulation in terms 

of protection against cold, but it has been well established 

that a good insulative coat is of great value during the 

summer to mammalian inhabitors of the desert in protecting 

them from the large environmental heat loads {Schmidt-

Nielsen, 1954; Dowling, 1959; Wodzicka, 1960; Dawson and 

Schmidt-Nielsen, 1967)f 

The three species of Leporidae that are conspicuous 

inhabitants of the Sonoran Desert are the desert cotton

tail rabbit Sylvilagus auduboni arizonae (J. A. Allen), 

the black-tailed jack rabbit Lepus californicus eremicus 

(J. A. Allen), and the antelope jack rabbit Lepus alleni 

alleni (Mearns). The two species of Lepus are hares, not 

rabbits, and have precocial young. 

The distributions of the three species vary with 

Lepus alleni inhabiting the most restricted area, occurring 

only in the central portion of the southern half of Arizona 
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and southward along the west coast of Mexico to approxi

mately the southern border of Sinaloa (Hall and Kelson/ 

1959). The other two species extend further southward in 

Central and eastern Mexico and northward in the United 

States where the northern part of Montana is reached by 

Sylvilagus auduboni, and Washington and South Dakota by 

Lepus californicus. 

Both S^ auduboni and L. californicus occur nearly 

throughout the full geographical extent of the Sonoran 

Desert as described by Shreve (1942) while L. alleni occurs 

in all but the more arid portion which is found in south

western Arizona, southeastern California and Baja California. 

Thus the three leporids are considered to be desert species 

in the sense of "desert-included species" (Lowe, 1968). 

All three have developed subspecies wholly or partly within 

the Sonoran Desert. 

The thermoregulatory problems of the hares inhabit

ing the desert are intriguing and have been excellently 

discussed and analyzed by Schmidt-Nielsen (1964), Schmidt-

Nielsen et al. (1965), and Dawson and Schmidt-Nielsen 

(1967). Briefly the thermoregulatory problems arise from 

the non-avoidance of the desert heat by the hares (they 

do not dig burrows), and their intermediate size (2-4 kg), 

large surface area and thus large theoretical rates of 

water loss. The desert cottontail appears to have basically 



the same problems although it will use burrows (Orr, 194 0). 

The time spent, however, in the burrows during the heat of 

the summer day has not been reported. 

Thus this study in addition to being an investiga

tion of seasonal acclimatization was also aimed at obtaining 

comparative data on how the two hares and the rabbit solve 

similar problems of thermoregulation under desert (heat) 

stress. In doing so the three following measurements were 

made during both summer and winter: oxygen consumption, 

water loss and body temperature. 

Here the distinction is clear between the terms 

acclimation, acclimatization and adaptation. Acclimatiza

tion, used throughout the study, refers to the acquired 

changes in an individual or population induced by climatic 

effects, for example, in the sense of Hart (1953). Accli

mation refers to the acquired changes in an animal produced 

by alteration of an environmental factor, such as tempera

ture, in the laboratory (Brett, 1944; Fry, 1947; Sealander, 

1951). Adaptation, of course, refers to changes in the 

organism or population produced by natural selection op

erating on a genetic system (Darwin, 1859), 



MATERIALS AND METHODS 

Animals 

Collection 

The three species of Leporidae are found in sym-

patry in large numbers on the Santa Rita Experimental Range 

(SRER), Rocky Mountain Division/ U. S. Forest Service, 

located 40 miles south of Tucson, Pima County, Arizona. 

The range, primarily a disturbed ecotone between the Lower 

and Upper Sonoran Life Zones, became the major site of 

collection. 

Animals were collected in hand nets. On dark 

nights after feeding, the crepuscular rabbits and hares 

concentrated on the dirt roads of the range to socialize 

and enjoy life. Highly curious, they are relatively easy 

to approach in a pick-up truck and to blind with bright 

spotlights. If all went well, they did not move and could 

be easily caught with hand nets. Generally, however, all 

did not go well and in the ensuing foot chase many more 

escaped than were caught. 

Desert cottontails (Sylvilagus auduboni) were 

caught in live traps (collapsible Tomahawk Live Trap, No. 

206) on the outskirts of Tucson, using apple for bait. 
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Occasionally black-tailed jack rabbits (Lepus californicus) 

were caught in the same manner, but the majority of indi

viduals of this species, as well as all of the antelope 

jack rabbits (Lepus alleni), came from SRER. 

Collection of the animals began shortly before 

laboratory experiments started and continued throughout 

as needed. During the winter (1968 and 1969) animals were 

collected from mid-December through February, and in the 

summer (1968) from mid-June through early September. 

Housing and Maintenance 

The animals were housed in small individual cages 

(46 cm x 46 cm x 56 cm) placed in outdoor facilities at 

The University of Arizona. During the first days of cap

tivity the animals were quiet and rather easy to handle. 

However, after an initial period of two to three days they 

became extremely difficult to maintain and would go into 

a frenzy when their cage door was opened. Fortunately 

they did not bite and could be removed quickly from their 

cages before they injured themselves. If housed together, 

the animals fought. If placed into too large an enclosure 

(cage) where they could attain enough speed, they would 

damage or kill themselves in attempting to escape. 

The cages, open on all but one side, offered no 

protection from weather other than shade. Although modified 



by surrounding buildings, environmental parameters closely 

approximated those occurring in the natural habitat of the 

rabbits. 

During the summer, ambient temperatures in the 

cages ranged from 14 to 43 C. while in the winter they 

varied from -3 to 3 0 C. The U. S. Weather Station located 

at The University of Arizona recorded extremes of 11.7 to 

45.6 C. during the summer of 1968 and -5.6 to 31.7 C. for 

the winters of 1968 and 1969 (Table 1). While relative 

humidity was not measured at the actual site of housing 

of the rabbits, weather data for the Tucson Airport indi

cates the diurnal and seasonal fluctuations experienced by 

the experimental animals (Table 1). Day length in Tucson 

(lat. 32° 15' N, long. 110° 55* W) varies from 14:30 hours 

during summer (June 22) to 9:50 hours during winter 

(December 22). 

Water and commercial rabbit pellets were provided 

ad-libitum and supplemented with lettuce, grapes, peaches, 

pears, apples and melons. Food was replenished every after 

noon, and care was taken to maintain an animal's weight at 

a relatively constant level by either extra feeding or 

extra time between experiments. In no case did an animal 

gain or lose more than 10 percent of its body weight during 

a season. 



Table 1. Air temperature and mean relative humidity at Tucson, Arizona (lat. 
32° 15' N, long. 110° 55' W) during summer (June-September) and winter 
(December-February). — Data from U. S. Weather Bureau stations at The 
University of Arizona (temperature) and the Tucson airport (relative 
humidity). 

Air Temperature (°F) Relative Humidity 

Month Year 
Mean 
Max. 

Mean 
Min. Mean Low High 0500 

MST 
1100 

Time 
1700 2300 

December 1967 63.6 39.1 51.4 30 74 75 51 45 70 
January 1968 67.9 41.0 54.5 33 79 70 46 35 64 
February 1968 75.0 47.2 61.1 35 89 71 45 35 61 

June 1968 102.7 67.7 85.2 53 114 34 18 13 21 
July 1968 100.6 74.3 87.5 70 109 61 33 30 51 
August 1968 96.1 70.6 83.4 62 107 67 40 34 57 
September 1968 95.1 66.2 80.7 50 103 47 26 18 33 

December 1968 68.1 34.4 51.3 22 85 53 30 25 49 
January 1969 70.5 42.3 56.4 28 85 66 43 34 63 
February 1969 69.3 39.9 54.6 28 81 68 37 31 56 
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Experimental Procedure 

In each experiment determination of oxygen consump

tion, water loss and body temperature occurred simultane

ously in the same system (Fig. 1) at ambient temperatures 

from 2 to 50 C. After being weighed and rectally probed, 

the animals were placed into a metabolic chamber, provided 

with air flow and immersed in a constant temperature bath. 

From the beginning body and air temperature were monitored 

continuously, while recordings of water loss, air flow and 

oxygen consumption began after a one-hour equilibration 

period. 

Initially, four animals were probed and placed into 

chambers at the beginning of an experimental day and , in 

the case of Sylvilagus at unstressful temperatures (15 to 

35 C.)/ were immersed in the bath at approximately the same 

time. Analysis began on the animal which first reached a 

stable body temperature. Upon termination of analysis, 

the animal was removed from bath and chamber, weighed, 

returned to its cage and another animal immediately probed 

and placed in the chamber. 

When testing Lepus at all temperatures, and Syl

vilagus at the temperature extremes, only two animals were 

immersed in the bath at the same time. The other two 

animals remained at room temperature (25 ± 2 C.) until a 
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Fig. 1. Schematic diagram of the system used for the simultaneous measurement . 
of oxygen consumption, water loss, body and chamber air temperatures, 
and air flow. — Arrows indicate direction of air flow. See text 
(Methods) for explanation. 
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place in the bath became available. In all cases an animal 

remained in the chamber between 2 to 5 hours, with at least 

two hours spent at the experimental temperature. 

An experimental day began at approximately 0730 

(first animal in bath) and generally ended around 1700, 

although occasional runs lasted until 2100. While not de

prived of food preceding an experiment, the animals went 

without food for at least two hours before the start of 

analysis of oxygen consumption. 

Generally eight animals were run during a day. On 

day 1 four individuals of each species of Lepus were run, 

eight Sylvilagus on day 2 and the Lepus sample again on 

day 3, all at the same ambient temperature. On day 4 the 

process started again at a new ambient temperature. Occa

sionally, data were gathered on the same individual at 

several (up to three) different temperatures during a day, 

and on individuals of Lepus for several days in a row, with 

no apparent discrepancies indicated in any of the parameters 

measured. 

Air Flow 

In the experimental system (Fig. 1) negative pres

sure created by a large vacuum pump (g), measured at the 

manometer (m) and controlled by a valve (h) pulled room 

air through a large drying tube (a) and then through the 
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metabolic chamber (b). After passing through the chamber, 

the air traveled through additional drying tubes (c and d) 

and then through a flowmeter (e). The majority of the flow 

then passed on through the pump and exhausted into the room. 

A small constant air flow {about 175 ml/min.) was drawn off 

behind the flowmeter (f) through another pump (i), and 

pushed through a drying tube (j), a filter (k) and a flow

meter (1) into a Beckman G-2 Oxygen Analyzer. 

Positive pressure air, supplied from an air line 

and controlled by a regulator valve, provided the needed 

higher air flows for the animals at 45 and 50 C. The re-
* 

suiting increased positive pressure at the chamber {on the 

animal) necessitated placing the flowmeter before the 

chamber. Even with this change, the pressure on the animal 

occasionally became such a problem that all the air flow 

could not be passed through the drierite tubes because of 

the back-pressures created. To solve this problem a smaller 

subsample of known rate was drawn from the main exhaust 

line, pulled through drierite tubes and then subsampled for 

oxygen analysis. This system is equivalent to placing 

another flowmeter and manometer in a position (Fig. 1) 

between the inlet drierite and the metabolic chamber and 

exhausting the major portion of flow at (n). 

Three different 150 mm flowmeters {Matheson Nos. 

603, 604 and 605) with steel and glass floats provided 
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highly accurate (± one percent of full scale) determina

tions of flow rates which ranged from 900 to 23000 ml/min. 

All flowmeters were calibrated by timing the replacement of 

water in a 6500 ml spirometer by air entering through the 

meter. Air flow was corrected for the experimental op

erating pressure and temperature of the mister to standard 

temperature (0 C.) and pressure (760 mm Hg). • 

Carbon dioxide entrapment with soda lime in a glass 

cylinder placed before the flowmeter (at d, Fig. 1) oc

curred during all oxygen consumption determinations on 

Sylvilagus. The entrapment of CO2, only used on occasion 

for Lepus, made no difference in oxygen consumption values 

if the appropriate corrections were made (see below). It 

did, however, decrease the time needed for the analyzer 

to return to zero (20.93 percent oxygen) after completion 

of an analysis. 

For those animals not being analyzed (on the shelf 

or in the bath equilibrating) vacuum lines (Fig. 1) pro

vided air flow at approximately the same flow rate used 

during analysis. Immersion of inlet hoses allowed for 

equilibration of incoming room air to bath temperature 

during experimental determinations on Lepus, while copper 

coils provided this equilibration for Sylvilagus. At 35 C. 

and above, an electric heating coil wrapped around the 

outlet tubes prevented condensation of water vapor. 



14 

Body Weight 

All animals were weighed immediately when brought 

into the laboratory after collection and before and after 

each experimental run. Either a Mettler K4T 3000 gm bal

ance (± .1 gm) or an Ohaus 20 kg heavy duty solution 

balance (+ 1 gm) were used for determining body weight. 

Prorated initial weights were used for determina

tion of weight-specific rates (oxygen consumption and water 

loss). Based on the rates of weight and water loss at 

25 C. (room temperature), body v/eight was prorated from 

time of weighing to time of entrance into bath. Weight 

loss during the time at an experimental temperature also 

provided a close check on water loss obtained by water 

entrapment. 

Metabolic Chamber 

The chamber for Sylvilagus was a one-gallon (3.8 

liters) paint can, with air inlet and outlet connections 

of 4 mm (I, D.) copper tubing and 16 mm copper fitting 

soldered on the lid. Inlet and outlet tubes were posi

tioned so that air flowed from animal level to the top of 

the chamber. The copper fitting, extended above the water 

line by tygon tubing, allowed for entrance of two thermistor 

probes through a rubber stopper inserted into the fitting. 

Stopcock grease and molding clay sealed off the tygon 
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tubing; a rubber band gasket and silicone stopcock grease 

ensured an air-tight seal of the lid. The system was con

stantly checked for water leaks by using positive pressure. 

The chamber for Lepus consisted of a five-gallon 

can (19 liters; 24 x 24 x 25 cm), with an 18 cm press-

fitted lid. The connections of 8 mm copper tubing were 

placed on the top and side of the can rather than on the 

lid as in the Sylvilagus chamber. 

During an experiment, Sylvilagus sat on a wire 

screen supported above a mineral-oil layer (2 cm) which 

prevented evaporation of water from the fallen excreta. 

A wire cage in the Lepus chamber kept the jack rabbits 

from readily turning around and chewing on probes; mineral 

oil was not used. 

Temperature Control and Measurement 

A 50-gallon (18 9 liters) Aminco Constant Temperature 

Laboratory Bath {American Instrument Co., Inc. Cat. No. 

4-8605) provided accurate {+ .2 C.) temperature control. 

Four one-gallon cans or two five-gallon cans could be im

mersed (8 to 10 cm from water level to Cc.n top) at one time 

in the bath. A wood and screen frame held the cans im

mersed and kept them from tipping. 

Large animal thermistor probes (Yellow Springs 

Instruments, No. 402) were used to measure body, chamber 
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and bath temperatures. The thermistor probes, calibrated 

with a standardized mercury thermometer in a Warburg bath, 

were accurate within ± 0.2 C. A Leeds-Northrup 12-channel 

recorder (11 inch) matched to the output of a YSX Tele-

Thermometer (4 6 TUC) recorded temperatures to 0.1 C. ap

proximately every 45 seconds. 

Body temperatures were recorded from rectal probes 

inserted to a depth of 8 to 10 cm and taped securely to the 

tail of the animal. Extreme care had to be taken in remov

ing the tape to avoid tearing skin or tail. Hand wrapped 

copper wire and screen door springs protected the probes 

from all but the most determined efforts to bite them 

through. 

Air probes positioned one cm below the top of the 

can and 12 cm above the animal, not in direct flow, gave 

approximately the same temperature as the bath from 15 to 

35 C. However, at the more extreme experimental temperatures 

a thermal gradient of up to 1 C. existed between air and 

bath temperatures with chamber air temperature higher 

than the bath at 10 C. and below, and lower than bath at 

40 C. and above. Thus, the animals responded to a highly 

complex environment composed of the radiant temperatures of 

the walls of the metabolic chamber, conductance from sub

stratum (chamber floor) and forced convection (air flow). 

Because of the small gradients involved, it is concluded 
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that chamber air temperature is the best and simplest ap

proximation of the integrated environmental temperature, 

and all ambient temperatures referred to are chamber air 

temperatures. 

Oxygen Consumption 

Percent oxygen in the air stream was analy2ed by 

a Beckman G-2 Oxygen Analyzer and recorded continuously 

on a Honeywell Brown Electronik strip chart recorder. Full 

scale of the recorder (12 inches) indicated percent oxygen 

from either 20.00 to 21.00 or 16.00 to 21.00. Percent 

oxygen in the air stream never dropped below 20.1 percent 

and generally remained above 20.4 percent. 

Analysis of room air (zero gas, 20.93 percent 

oxygen) occurred before and after each determination along 

with resetting of the zero point. Span was set every 

morning at 2 0.05 percent by using the zero gas room air 

procedure outlined in the Beckman G-2 Oxygen Analyzer in

struction manual (1962). 

Determination of the mean percent oxygen uptake 

for an individual animal occurred over the 15 minute period 

of lowest oxygen depletion after at least one hour of 

chamber thermal equilibration. Generally this period fell 

within a 30 minute period of relative quiescence on the 

part of the animal. This criterion helped compensate for 
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the erratic oxygen consumption records obtained from the 

rabbits and hares throughout the study. It is doubtful 

that the animals ever slept in the chambers, and it is 

felt that this factor, more than movement per se, resulted 

in erratic oxygen consumption recordings. 

Mean percent oxygen uptake was determined by using 

a compensating polar planimeter (KE 4242), to integrate 

the area between a line representing percent oxygen in the 

room and the line describing the decrease in percent of 

oxygen due to oxygen utilization by the animal (Brown 

recorder, Fig. 1). Comparison of the planimeter reading 

from this area with one from a known area (15 minutes, 

.10 percent) gave the percent oxygen uptake of the animal 

through use of the following relationship: 

- (•!%) (planimeter reading—animal area) 
^ 2 (planimeter reading--.1% area) 

Oxygen consumption, V/ was determined from the 

percent oxygen uptake and the flow rate following equations 

modified from those given by Depocas and Hart (1957). 

Since measurement of flow rate occurred both before and 

after the metabolic chamber, the two basic equations used 

in this study are: 

(a) V-j- measured 

v _ VI (FI02 " fE02> 
°2 " FE02 (RQ-1) + 1 
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(b) VE measured 

VE <FI02 ~ FE02) 
V°2 = Fjq2 (RQ-1) +1 

where Vj = rate of flow, flowmeter placed before the chamber 

VE = rate of flow, flowmeter placed after the chamber 

PJO2 = ^ O2 in pure inlet air (20.93%) 

FEO2 = % O2 in outlet air (analyzer reading) 

RQ = respiratory quotient. 

An average RQ of .8 was assumed (no entrapment of CO2)• 

With CC>2 entrapment, RQ in the equation can be assumed 

to equal zero (no CO2 evolved), thus changing the de

nominator in (a) to l~Fj302 an<̂  (k) to 1"Fio2* vâ ue 

.8 is consistent with (1) fasting in the post-absorptive 

state imposed for measurement, after (2) feeding on Purina 

laboratory pellets with green supplements. An RQ of 1.0 

instead of 0.8 would result in a maximum error of 4.4 

percent. 

All oxygen consumption values are given as volumes 

of dry gas corrected to STP (760 mm Hg and 0 C.). The 

caloric equivalent of oxygen was assumed to be 4.8 kcal/ 

liter of oxygen consumed. 

Water Loss 

Evaluation of water loss was accomplished by de

termining the weight changes of the drying tubes (c and 

d, Fig. 1) over a known time period and through analysis 
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of body weight loss. At 45 and 50 C., where occasionally 

only a subsample of air passed through the drying tubes, 

the following calculation gave the weight change expected 

if all the air had been passed through the drying tube: 

water loss = total air flow X water trapped 
subsample air flow 

No significant differences occurred between mean water loss 

values calculated from water entrapment and those calculated 

from animal weight loss. The majority of data given are 

based on water entrapment values. 

The drying tubes (2.2 cm x 30.5 cm) used to de

termine water loss for Sylvilagus held about 230 gms of 

drying agent (drierite and indicating silica gel) while 

the larger tubes (4.5 cm x 30.5 cm) used for Lepus held 

750 gms. Weight changes were determined on a 700 gm Mettler 

7KT balance (± .01 gm) or a 3000 gm Mettler 4KT balance 

(± .1 gm). Generally only one drying tube was used below 

30 C. and two above. 

Measured to the nearest minute, the time period 

over which water entrapment occurred varied from 20 to 

80 minutes. The water loss time period always included 

the 15 minute period during which determination of oxygen 

consumption took place. 

The drying agent was regenerated after every use 

by being placed in an oven at 100 C. for 12 to 24 hours 
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and its water-recovery capacity repeatedly checked at 

various temperatures and flow rates by releasing known 

amounts of water into the system. The air entering the 

metabolic chamber, dried by passing through a large (7.0 

cm. x 30.5 cm.) column of drying agent, contained a residual 

moisture of less than one-half percent of the total water 

collected from an animal. The error arising from this 

residual moisture as well as the error in weight loss due 

to carbon dioxide production is insignificant in comparison 

with the accuracy of the determinations. 

Because mineral oil was not used in the Lepus 

chamber, water loss data were discarded for runs where 

micturation and defecation occurred. It was also neces

sary to disregard some runs because of water leaks into 

the metabolic chamber. 

Prom water loss and rate of flow data, representa

tive relative humidities in the chamber have been cal

culated (formula 3, Lasiewski, Acosta and Bernstein, 1966). 

Although these values (Table 2) are high, they are rela

tively the same for each species and for each season. 

Data Analysis and Treatment 

Winter data refer to that obtained from January 13 

to February 15, 1969 for all three species, plus December 

30, 1967 to February 18, 1968 for Sylvilagus. Summer, for 



Table 2. Representative air flows (flow) and calculated relative humidities (RH) 
and water vapor pressures (VP) in the metabolic chamber during experi
mental determinations of oxygen consumption in three species of Lep-
oridae. — Water vapor pressure of the chamber is equal to the percent 
relative humidity times the water vapor pressure at saturation at that 
ambient temperature. Water vapor pressure at the evaporating surface 
of the animal is approximately 55.2 mm Hg (40 C. and saturated). See 
Results section for data on water loss. 

Sylvilagus Lepus Lepus 
auduboni californicus alleni 

Season Tamb. Flow RH VP Flow RH VP Flow RH VP 

Summer 10 2450 78 7.2 7700 89 8.2 8600 80 7.4 
Winter 1850 72 6.6 5700 53 4.9 8000 38 3.5 

Summer 20 1650 60 10.6 6400 50 8.7 7050 40 7.0 
Winter 1350 61 10.6 5300 48 8.4 6200 59 10.1 

Summer 30 900 87 27.7 4200 62 19.7 4300 73 23.3 
Winter 14C0 70 22.1 5500 55 17.4 6400 52 16.4 

Summer 35 1500 69 29.0 4800 64 26.8 5700 70 29.6 
Winter 1800 70 29.5 6050 67 28.4 6750 74 31.3 

Summer 40 1650 84 46.8 8800 47 25.9 9150 60 32.9 
Winter 2400 81 44.5 6400 75 41.4 7700 85 47.1 

Summer 45 7940 35 25.0 13400 37 26.5 17500 41 29.3 
Winter 13600 36 26.0 15400 51 36.7 

Summer 50 19800 31 29.0 22900 33 30.5 
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all three species, refers to data gathered from July 2 to 

August 15, 1968 (5 to 40 C.) and September 4 through 17th 

(above 40 C.). The majority of the data was obtained from 

animals collected shortly before or during the seasons, 

as defined above, although a few animals were used in both 

summer and winter. 

Metabolism 

The relationship of metabolism to ambient tem

perature has been divided into three conventional parts for 

quantitative analysis: a thermoneutral zone, a lower line 

and an upper line. The range of temperatures through which 

a species maintained a mean minimal level of metabolism 

during a season is the thermoneutral zone and, as used 

here, standard metabolism refers to the mean minimal level 

of metabolism. Standard metabolism includes all values for 

those ambient temperatures whose mean metabolism did not 

test significantly different (P> .05) from the lowest mean 

metabolic rate obtained for the species during the season 

under consideration. 

The relationships of increasing metabolism to 

changing temperature above and below thermoneutrality are 

described by regression equations for straight lines 

fitted by the method of least squares (Simpson, Roe, 

Lewontin, 1960) on all the data points (not means). The 
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upper (above thermoneutrality) and the lower (below thermo-

neutrality) lines also delimit the thermoneutral zone and 

thus define the upper and lower critical temperatures. 

The lower critical temperature, referred to here

after as LCT, is the ambient temperature below which metabo

lism increases to compensate for increased heat loss and 

is determined as the temperature at which the lower line 

and standard metabolism intersect. The upper critical 

temperaturef UCT, is similarly determined by intersecting 

the upper line with the standard metabolic rate, and it is 

the ambient temperature above which metabolism increases 

due to the effect of Q^q and increased energy demands for 

heat dissipation. 

Body Temperature 

Individual body temperatures reported at ambient 

temperatures below 4 0 C, are the means of 13 values ob

tained every five minutes during the hour within which 

determination of oxygen consumption was made. At 4 0 C. and 

above, only those values obtained during the 15 minute 

oxygen consumption analysis period are included (N=4). 

Mean body temperature at any one ambient temperature in

cludes only the individual mean values thus obtained. 

In order to determine the ambient temperature above 

which body temperature increased steadily, comparisons of 
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mean values at consecutive ambient temperatures were made. 

A significant difference followed by steadily increasing 

body temperature indicated a breaking point (beginning 

of hyperthermia), and the correlations between body and 

ambient temperature both above and below this breaking 

point were determined through regression analysis. 

The mean of all the body temperatures where no 

correlation existed (as above) is referred to here as the 

mean minimum body temperature. Body temperatures signifi

cantly higher than the mean minimum value are considered 

hyperthermic, those below it, hypothermic. The ambient 

temperatures at which thermia begins can be predicted by 

. intersecting the mean minimum value with the regression 

lines relating body temperature to ambient temperature. 

Water Loss 

Because of the varied rates and types (progressive 

and exponential) of increase in water loss, analysis was 

made primarily through comparison of mean values. Mean 

minimum water loss refers to the mean of all values at 

those ambient temperatures below which a major and ir

revocable increase in water loss occurred. Water loss at 

temperatures directly following this increase was always 

significantly higher than the mean minimum water loss. In 

general, little change in water loss followed by abrupt 
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and significant increases clearly demarcated the ambient-

temperature interval over which the major increase occurred. 

Statistical Analysis 

The data reductions were made primarily through use 

of the Control Data 6400 computer at The University of 

Arizona Computer Center. For the physiological parameters 

at each ambient temperature a minimum of seven determina

tions was made, representing at least four individuals of 

Lepus and seven of Sylvilagus with no distinction between 

sexes. In the winter, however, only four determinations 

{four individuals) were made for Lepus at 45 C. and three 

for Sylvilagus at 4 2 C. 

All reduced data (means, regression analysis and 

test of differences) are based on the number of determina

tions (N) and not on the number of animals (NA). Both are 

given in all tables and the number of determinations are 

represented in the figures by points. Number of animals 

are given in parentheses in the seasonal oxygen consumption 

figures (Figs. 2-3, 5-6, 8-9). The 95 percent confidence 

intervals (95 PC CON INT) are also given in each table. 

Differences between mean values were tested using 

Student's t test for small samples (p. 176, Simpson, Roe 

and Lewontin, 1960) with the five percent probability level 

used in this and all other significance-of-difference tests 
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for acceptance or rejection of the null hypothesis. In 

cases of relationships between two variates (e.g., metabo

lism and ambient temperature) determination of the intensity 

(correlation) and form (regression) occurred through utili

zation of the method of least squares. Regression equations 

calculated from all data points, are given only if the slope 

differed significantly (P<.05) from zero (significant 

correlation). 

Analysis of covariance provided a method for testing 

the effect of season or species on the relationship between 

two variates. The analysis (Chapt. 13, G. W. Snedecor, 

1956) assumes linearity of regression, and entails the fol

lowing null hypotheses: 

(a) The variances about the regression lines are the 

same. 

(b) The slopes of the regression lines are the same. 

(c) The elevation of the regression lines are the same. 

The acceptance or rejection of these null hypotheses is 

based on the values of appropriate ratios of mean squares 

(F tests) with their corresponding degrees of freedom. 

In all cases where variances about the regression 

lines do not differ, proposition (a) is accepted. If (a) 

is rejected, (b) and (c) can still be tested (Box, 1953). 

The values of F are not given for (a) as it did not differ 

significantly in any test presented here. 
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Rejection of (b) indicates a difference in rate of 

increase of the physiological parameter, and testing for 

(c) is therefore meaningless. A t test may also be used to 

test (b). Rejection of (c) indicates that a reset has oc

curred resulting in a significant change in the elevation 

of the physiological parameter (dependent variable), and 

the amount of change can be determined. 

In all the cases of rejection of the null hypoth

esis, it has been assumed that the difference is directly 

due to the acclimatization of the sample. Conversely, 

acceptance indicates that acclimatization did not affect 

the relationship between the two variates. Analysis of 

covariance is a more sensitive test of differences inasmuch 

as it is based on data from several different ambient 

temperatures, rather than from one temperature as in tests 

between mean values. 



RESULTS 

Metabolism 

Sylvilagus auduboni 

The 96 separate determinations of oxygen consump

tion involving 29 summer animals are shown in Fig. 2. 

Fig. 3 illustrates 159 determinations for 39 winter ani

mals. Data from two winters (1968-1969) have been combined 

as no apparent statistical differences exist between the 

two samples. The reduced data from the 255 total determi

nations made on 68 animals (Figs. 2 and 3), are given in 

Tables 3, 4 and Fig. 4. 

Summer.—The lowest mean oxygen uptake occurred 

at 4 0 C. with no significant difference between it and the 

metabolic rates obtained at 35 and 30 C. (Table 3, Fig. 2). 

The standard metabolism based on the 30 values from these 

three temperatures is .651 ± .018 (S.E.) ml 02/gm/hr 

(Table 4). Metabolism increased significantly at temper

atures below 30 C. (lower line) and above 4 0 C. (upper line). 

The lower line intersects standard metabolism at an ambient 

temperature of 28.1 C. (LCT), while the UCT (similarly 

determined using the upper line) is 4 0.1 C. Thus the summer 

thermoneutral zone ranged 12.0 C. , from 28.1 to 40.1 C. 

29 
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The slopes of the upper and lower lines (Table 4) 

indicate that the increases in metabolism per 1 C. change 

in ambient temperature are similar above (.046) and below 

(.048) the thermoneutral zone. The result of these in

creases is apparent when oxygen consumption at the extreme 

temperatures is considered. At 5 C. metabolism had in

creased 2,73 times the standard rate, and at-45 C. , 1,31 

times. 

Winter.—Standard metabolism increased signifi

cantly (t=6.501, ]?<.01) to .790 ± .012 ml C^/gm/hr (Table 

4, Fig. 4), which is a 21 percent increase over the summer 

level. The thermoneutral zone shifted down in temperature 

with the LCT decreasing to 24.8 C. and the UCT to 36.4 C. 

(Fig. 3). With this shift downward in temperature the 

temperature range remained the same, encompassing 11.6 C. 

Unlike the summer, rates of increase during the 

winter varied outside thermoneutrality, with the slope of 

the lower line (.036) 61 percent lower than that of the 

upper line (.092). At the extremes, 2 and 42 C., the in

creases in oxygen consumption are 2.06 and 1.69 times that 

consumed in the thermoneutral zone. 

Seasonal Acclimatization.—In Sylvilagus auduboni 

differences between summer and winter acclimatization are 

striking, and are clearly shown in Fig 4 and Tables 3 and 

4. Significant differences are noted at every ambient 
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Pig. 2, Oxygen consumption of Sylvilagus auduboni during 
summer at various ambient temperatures. — Each 
point represents one determination (N). The 
number of animals (NA) is given in parentheses. 
Reduced data are in Tables 3 and 4. 
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Fig. 3. Oxygen consumption of Sylvilagus auduboni during 
winter at various ambient temperatures, — Each 
point represents one determination (N). The 
number of animals (NA) is given in parentheses. 
Reduced data are in Tables 3 and 4. 
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Table 4. Relationship of oxygen consumption {ml 02/gni/hr) to ambient temperature (AT) 
in Sylvilagus auduboni during summer and winter. (NA=number of animals, 
N=number of determinations, Y=ml 02/gm/hr) 

.'Season 
AT 
Range NA 

REGRESSION ANALYSIS 
Regression 

N Equation r P 
95% Confidence 

y intercept 
Interval 
slope 

Lower Line 
Summer 5-25 17 45 Y= 1.996-.048(AT) -.871 <.01 1.940 - 2.051 -.040 . 056 

Winter 3-20 32 85 Y= 1.681-.036(AT) -.838 < .01 1.648 - 1.715 -.031 - -. 041 

Test of slopes : F= 
t= 
6.517,P<.05 
2.553,P<.05 

Summer 40-45 14 
Upper Line 

28 Y=-l.171+.046(AT) +.605 < .01 -1.123 - -1.219 .021 - . 070 

Winter 37-42 12 20 Y=-2.551+.092(AT) +.707 < .01 -2.476 - -2.625 .046 - . 137 

Test of Slopes : F= 
t= 
3.971,P>.05 Test of Reset: 
a.993,P>.05 

F=7 2.13 6 ,P<.01 Amount of Reset: + .479 

i THERMONEUTRAL ZONE 
95% Confidence 

Mean ± S.E. Interval 
Critical AT 
LCT - UCT t P 

Summer 

Winter 

30-40 

25-35 

17 

26 

30 .651 ± .018 .615 - . 

54 .790 ± .012 .765 - . 

688 

815 

28.1 - 40.1 

24.8 - 36.4 
6. 501 <. 01 

LO 



35 

2.0 2.0 

SUMMER 

q: 

X 

o 
WINTER 

CM 
O 

0.8 0.8 
_l 

0.6 0.6 

0.4 0.4 

0.2 0.2 

45 15 25 35 5 

AMBIENT TEMPERATURE (°C) 

Fig. 4. Relationship of oxygen consumption to ambient 
temperature in Sylvilagus auduboni during 
summer (solid line) and winter (dashed line) 
acclimatization. — See Figs, 2 and 3. Reduced 
data are in Table 4. 
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temperature except 20 and 25 C. (Table 3). Besides the 

significant changes in oxygen consumption at thermal neu

trality and the shifts in LCT and UCT already noted, there 

were significant differences in rates of increase in 

metabolism above and below the thermoneutral zone. 

During the winter the rate of increase in metabo

lism (.036) at the lower temperatures is 25 percent less 

than the summer rate (0.48) for Sylvilagus auduboni. Be

cause of this significant difference in rate (test of 

slopes. Table 4), the metabolism of the summer animal 

swiftly approaches that of the winter animal at 25 C., 

overtaking it at 20 C. and becoming significantly higher 

at and below 15 C. (Table 3, Fig. 4). For the winter 

animal the end result is an expenditure of 14 percent less 

heat at 5 C, even though it produced 21 percent more heat 

at thermoneutrality. The significant differences between 

the winter and summer lines below thermoneutrality also 

result in a 4.9 C. difference in the ambient temperature 

arrived at by extrapolation of the lower line to the ab

scissa (ml 02/gm/hr=0) with the winter value (4 6.7 C.) 

higher than the summer value (41.8 C.). 

Above thermoneutrality the rate of increase in 

oxygen uptake by the winter animal (.092) is twice that of 

the summer animal (.046). Although this difference is 

large, it is not significant at the five percent level 
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(test of slopes, Table 4), However, the mean magnitude of 

difference between winter and summer upper lines is sig

nificant (test of reset, Table 4) with the summer animals 

having an average oxygen uptake .476 ml C^/gm/hr lower than 

the winter animals at any ambient temperature above thermo-

neutrality. This results in a 69 percent higher heat 

production by the winter animal at 42 C, 

Lepus californicus 

The 74 separate determinations of metabolism made 

during the summer on 11 different animals are illustrated 

in Fig. 5 with the winter data (65 determinations on nine 

animals) included in Fig. 6. Reduced data from the 13 9 

total determinations made on 20 animals are shown in 

Tables 5 and 6 and Fig. 7. 

Summer.—The lowest mean metabolic rate occurred 

for this species at 30 C. and the standard metabolism of 

.583 ± .018 ml 02/gm/hr included values obtained from 25 to 

35 C. Oxygen uptake increased significantly at 20 C. and 

40 C. over the low value at 30 C.; the thermoneutral zone 

encompassed 8.1 C. with a LCT of 26.2 C. and an UCT of 

34.3 C. 

Regression equations with confidence intervals are 

given in Table 6 for the upper and lower lines. The rate 

of increase (.021) in metabolism at the higher temperatures 
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(35 to 50 C.) is 34 percent lower than the rate (.03 6) at 

the lower temperatures (10 to 25 C.). The standard metabo

lism was exceeded at the two temperature extremes, 10 and 

50 C., by 1.87 and 1.54 times. 

Winter.—The standard metabolism of .579 + .004 ml 

02/gm/hr, based on values from 20 to 30 C., did not differ 

significantly from the summer rate (Table 6, Pig, 7). 

However, the lowest mean winter value occurred at 25 C., 

rather than 30 C. as in the summer, with significant dif

ferences from the lowest value observed at 15 and 35 C. as 

opposed to 20 and 40 C. during the summer. The thermoneu-

tral zone shifted downward approximately 5 C. and its range 

decreased from 8,1 C. (summer) to 6.7 C, (winter). 

Winter increases in metabolism above thermoneu-

trality had a surprisingly low rate of ,008 which is 53 

percent lower than the rate of increase below thermoneu-

trality (.017). Metabolism at the two temperature extremes 

(3 and 45 C,) are 1.52 and 1.2 2 times the standard rate, 

the lowest increases observed in this study. 

Seasonal Acclimatization.—The lower lines obtained 

from winter and summer samples of Lepus californicus have 

significantly different slopes (Table 6), This fact, when 

coupled with different LCT's result in production of 

strikingly different metabolic rates at the same ambient 

temperature (Table 5, Fig. 7). The winter animals have 
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Fig. 5. Oxygen consumption of Lepus californicus during 
summer at various ambient temperatures. — Each 
point represents one determination (N). The 
number of animals (NA) is given in parentheses. 
Reduced data are in Tables 5 and 6. 
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Fig. 6, Oxygen consumption of Lepus californicus during 
winter at various ambient temperatures. — Each 
point represents one determination (N). The 
number of animals (NA.) is given in parentheses. 
Reduced data are in Tables 5 and 6. 
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Table 6. Relationship of oxygen consumption (ml 02/gm/hr) to ambient temperature (AT) 
in Lepus californicus during summer and winter. (NA=number of animals, 
N=number of determinations, Y=ml 02/gm/hr) 

REGRESSION ANALYSIS 
AT Regression 95% Confidence Interval 

Season Range NA N Equation r P y intercept slope 
Lower Line 

Summer 10-25 7 31 Y=1.420-.032(AT) -.810 <.01 1.373 - 1.467 -.024 .041 

Winter 3-20 8 32 Y= .938-.017(AT) -.821 <.01 .910 - .967 -.012 - -.022 

Test of Slopes: F=10.876,P<.01 
t= 3.298,P<.01 

Upper Line 
Summer 35-50 7 35 Y=-.137+.021(AT) +.687 .01 -.096 - -.178 .013 - .028 

Winter 30-45 9 25 Y= .357+.008(AT) +.477 .05 .323 - .390 .002 - .014 

Test of Slopes: F=6.087,P<.05 
t=2.467,P<.05 

THERMONEUTRAL ZONE 
95% Confidence Critical AT 

Mean ± S.E. Interval LCT - UCT t P 

Summer 25-35 6 26 .583 + .018 .546 - .620 26.2 - 34.3 

Winter 20-30 8 22 .579 + .004 .550 - .607 21.1 - 27.8 
173 >.05 
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Fig. 7. Relationship of oxygen consumption to ambient 
temperature in Lepus californicus during summer 
(solid line) and winter (dashed line) acclimatiza
tion. — See Figs. 5 and 6. Reduced data are 
in Table 6. 
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significantly lower oxygen uptake below 25 (Table 5). At 

20 C., the winter animal produced 24 percent less heat than 

the summer animal while at 10 C. the difference was 29 per

cent. The lower line of the winter animal also extrapolated 

to a higher ambient temperature (55.2 C.) at the abscissa 

(Fig. 7) than did the line for the summer animal (44.4 C.), 

Above thermoneutrality winter and summer samples of 

L. californicus also had significantly different rates of 

increase in oxygen uptake with the winter animal unexpectedly 

having the lower rate of increase (Table 5, Fig. 7). Since 

the winter animal started increasing metabolism at a lower 

ambient temperature (UCT=27.8 C.) than the summer animal 

(UCT=34.3 C.), its metabolic rate is 13 percent higher at 

35 C., the same at 37.2 C., and 11 percent lower at 45 C. 

based on use of the regression equations. However, none 

of these values are significantly different from the summer 

values (Table 5). 

Lepus alleni 

The 85 determinations made on 11 animals during 

the summer are shown in Fig. 8. Figure 9 includes 65 points 

obtained from nine animals during winter. Tables 7 and 8 

and Fig. 10 include reduced data from the 150 total deter

minations made on 2 0 animals. 
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Summer.—The standard metabolism of .451 ± .013 

ml 02/gm/hr included values obtained from 25 to 35 C. 

(Table 8, Fig. 7) with the lowest mean value occurring at 

25 C. (Table 7). The thermoneutral zone enclosed 7.8 C. 

from a LCT of 25.5 C. to an UCT of 33.2 C. 

As shown in Table 8 the slopes relating metabolism 

to change in temperature are quite similar below (.029) 

and above (.025) thermoneutrality. Standard metabolism 

was exceeded by 2.31 times at 3 C. and 1.90 times at 50 C. 

Winter.—The thermoneutral zone increased in range 

from 7.8 C. to 10.6 C. through a decrease in the LCT from 

25.5 (summer) to 22.4 C. (winter) while the UCT stayed the 

same (Table 8, Fig. 10). Standard metabolism increased 

significantly over the summer rate by 18.5 percent to 

.534 ± .013 ml 02/gm/hr and included only those values 

obtained at 25 to 3 0 C. 

Oxygen uptake increased below thermoneutrality at 

a rate of .021 ml 02/gm/hr and at 3 C. exceeded standard 

metabolism by 1.76 times. Above the thermoneutral zone 

the rate of increase in oxygen consumption (.028) would 

result in an increase of .44 kcal/1 C. in the metabolic 

heat load of a 3000 gm antelope jack rabbit. At 45 C. 

metabolism was higher than that of the summer animal at 

50 C. and had increased 1.64 times the standard value. 

At 50 C. the extrapolated oxygen consumption value of 
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1.005 ml C^/gm/hr is 1.88 times the standard rate, com

pared to 1.90 times for summer. 

Seasonal Acclimatization.—As already noted, sig

nificant changes occurred in the standard metabolism and 

in the thermoneutral zone (LCT and range) of Lepus alleni. 

Below thermoneutrality significant differences did not 

exist between either rates of change in metabolism (slopes, 

Table 8) or sample means from 3 to 20 C. (Table 7). How

ever, testing with analysis of covariance shows that the 

winter line is significantly lower than the summer line 

with a mean difference of .079 ml 02/gm/hr (Table 8), 

Winter acclimatization has thus resulted in a lower metabo

lism which decreases the winter animal's heat production 

by 6.5 percent. The lower line of L. alleni during the 

winter also extrapolates to a higher ambient temperature 

(47.5 C.) than it does in the summer sample (41.0 C., 

Fig. 10), 

Above thermoneutrality the rates of increase for 

summer and winter (.028) are the same (Table 8). Since both 

lines start from the same UCT (33.1 C.), but at a signifi

cantly different standard metabolic rate, the summer animal 

(lower standard metabolism) has significantly lower metabo

lic values at all temperatures above 30 C. (Table 7, Fig. 

10). The mean difference of .111 ml 02/gm/hr (Table 8) 
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Fig. 8. Oxygen consumption of Lepus alleni during summer 
at various ambient temperatures, — Each point 
represents one determination (N). The number 
of animals (NA) is given in parentheses. Reduced 
data are in Tables 7 and 8. 
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Fig. 9. Oxygen consumption of Lepus alleni during winter 
at various ambient temperatures. -- Each point 
represents one determination (N). The number of 
animals (NA) is given in parentheses. Reduced 
data are in Tables 7 and 8. 
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Table 8. Relationship of oxygen consumption (ml 02/gm/hr) to ambient temperature 
(AT) in Lepus alleni during summer and winter. (NA=number of animals, 
N=number of determinations, Y=ml 02/gm/hr) 

Season 
AT 
Range NA 

REGRESSION ANALYSIS 
Regression 

N Equation r P 
95% Confidence 

y intercept 
Interval 
slope 

Lower Line 

Summer 5-25 7 41 Y- 1.189-.029(AT) -.866 <.01 1.151 ™ 1.228 -.024 - -.034 

Winter 3-20 8 31 Y= 1.Oil-.021(AT) -.828 < .01 .976 - 1.046 -.016 - -.027 

Test of Slopes : F= 
t= 
3.675,P>.05 Test of Reset: 
1.917,P>.05 

F=7.806 ,P<.01 Amount of Reset: -.079 

Summer 35-50 12 
Upper Line 

36 Y= -.377+.025(AT) +.844 <.01 -.346 - -.407 .019 - .030 

Winter 35-45 7 19 Y= -.396+.028(AT) +.764 <.01 -.349 - -.443 .016 - .040 

Test of Slopes : F= 
t= 
.282,P>.05 Test of Reset: F 
.531,P>.05 

=15.610 ,P<.01 Amount of Reset: + .111 

THERMONEUTRAL ZONE 
95% Confidence 

Mean ± S.E. Interval 
Critical AT 
LCT - UCT t P 

Summer 

Winter 

25-35 

25-30 

67 

8 

25 .451 ± .013 .423 - . 

15 .534 ± .013 .506 - . 

479 

562 

25.5 -

22.4 -

33.2 

33.0 
4. 670 <.01 
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Fig. 10, Relationship of oxygen consumption to ambient 
temperature in Lepus alleni during summer (solid 
line) and winter (dashed line) acclimatization. — 
See Pigs. 8 and 9. Reduced data are in Table 8. 
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results in a 12.7 percent lower heat production for the 

summer animal at 45 C. 

Water Loss 

Sylvilagus auduboni 

Summer.—Evaporative water loss, expressed as per

cent body weight lost per hour (% BW/hr), remained rela

tively constant up through 3 0 C. at a mean minimum level 

of .167 ± .008% BW/hr (N=60). At 35 C. an abrupt and sig

nificant increase (t=4.553) of 72 percent occurred (Table 

9, Fig. 11) and during each succeeding 5 C. interval water 

loss increased significantly at an exponential rate (see 

below). 

Between 40 and 42 C. the rate of increase of .158% 

BW/hr per 1 C. (based on mean values, Table 9) is only 

slightly less than the mean minimum level. At an ambient 

temperature slightly in excess of 41 C. evaporative heat 

loss equalled metabolic heat production (Table 10, Fig. 

12), To dissipate the total metabolic heat production a 

7 00 gm desert cottontail would lose 4.3 gms of water in 

an hour at an approximate rate of .65% BW/hr. 

From 42 to 45 C. water loss almost doubled to a 

mean maximum level of 1.55% BW/hr which is 9.3 times higher 

than the mean minimum level. At this rate, evaporation 

dissipated 222 percent of the metabolic heat produced when 
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heat production is 4.8 kcal/liter of oxygen consumed and 

heat of evaporation is .58 kcal/gm of water lost. 

Winter.—Water loss abruptly increased between 25 

and 3 0 C. (Table 9, Fig. 13) which is approximately 5 C. 

below the summer breaking point. The mean minimum water 

loss of .119 ± .004% BW/hr (N=99), based on values obtained 

from 3 to 25 C., is significantly lower (t=5.696) than the 

summer value. Above 25 C. water loss increased exponen

tially, and significant differences occurred at each 5 C, 

interval. At 42 C. water loss reached a maximum of 1.188% 

BW/hr which results in enough heat loss to dissipate the 

entire metabolic heat load (Table 10, Fig. 14). 

Seasonal Acclimatization.—Minimum water loss in 

Sylvilagus auduboni was lov/er during winter than in summer, 

but it abruptly increased at a lower ambient temperature 

during the winter and at a faster rate (per 1 C.). 

AT Summer Winter 
Range Rate Rate 

25-30 .008 . 022 
30-35 .029 .036 
35-40 .023 .086 
40-42 .158 .163 

Thus, significantly higher water losses occurred during 

winter at all temperatures above 25 C. (Table 9). The 

seasonal difference is perhaps more meaningful when it is 

noted that at 40 C. the winter sample increased its water 
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Fig. 11. Water loss of Sylvilagus auduboni during summer 
at various ambient temperatures. — Each point 
represents one determination (N). Reduced data 
are in Table 9. 
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S'JiMMtR 14. 2 10 10 16. 33 1 .38 13.20 19.46 8.26 22.57 1.753 IMS 
w I IM 1 ER 15.6 19 24 13.59 .^3 li.ay 15.31 *.34 21.36 
SUMMER 20.4 10 10 17.11 1.86 12.H9 21.32 7.71 25.66 .662 NS 
WINIER 20.3 1 7 22 15.65 1.21 13.13 18.16 7.2? 27.22 
SUMMER 25.0 7 7 24.63 3 .  0 0 15.82 33.44 15.20 39.95 .806 NS 
Mim I tR 25. I 15 15 21«6] 1.9^ 17.43 25.7^ 11.76 36.66 

SUhMER 30.1 15 15 37.69 3.^5 2^.64 45.74 21.34 65.95 .522 NS 
w i IM r t R 30.1 W 2d 39.62 1 .b^ 36.38 4? * 86 20.86 48.87 

SUMMEK 35.1 T a 65. b8 .  54 54.94 76.43 49.45 H?.71 .063 NS 
>' I Nl t.R 35.0 19 1 s 65-39 d .  3 0 60.56 70.22 42.76 HO. 34 

w 1 ix 1 ER 37.4 A 8 85.69 5 • 10 73.63 97.75 63.57 105.55 

SIMMER 39.^ 6 7 90 .9fj <**d<) 8 0 .  4 7 101.45 78.99 106.31 .421 NS 
w i n T E R  VJ.V 7 ,U 93.94 5.44 81.07 106.B2 74.9) 109.77 

SliHMER 4 2.1 8 1(1 125.32 10.61 101.32 149.33 79.76 1V9.31 NC 
'h 1 iv 1 ER 42.0 3 3 101.98 I'JC NC 94.71 121.76 
SUMMER 4 4.9 J 10 221-^3 11.bO 195.90 247.95 166.60 283.18 
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» 

Fig. 12, percent of metabolic heat production dissipated 
through evaporative water loss in Sylvilagus 
auduboni during summer at various ambient tem-^ 
perature?. — Each point represents one determina
tion (N). Reduced data are in Table 10. 
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Fig. 13 

10 15 20 25 30 35 

AMBIENT TEMPERATURE (°C) 

Water less of Sylvilagus auduboni during winter 
at various ambient temperatures. — Each point 
represents one determination (N). Reduced data 
are in Table 9. 
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Fig, 14. Percent of metabolic heat production dissipated 
through evaporative water loss in Sylvilagus 
auduboni during winter at various ambient tem
peratures. — Each point represents one determina
tion (N). Reduced data are in Table 10. 
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loss 7.1 times the mean minimum valtie as compared to the 

2.8 times increase exhibited by the summer sample. 

Even though more water is lost during winter there 

is no increase in evaporative dissipation of metabolic 

heat production due to the concurrent winter increases in 

metabolism. In fact, the summer sample dissipates total 

metabolic heat production at a slightly lower ambient 

temperature (ca. 41 C.) than does the winter sample (ca. 

42 C.). The cost of total metabolic heat dissipation is 

much greater, of course, during the winter when a 700 gm 

desert cottontail would lose 8.3 gms of water per hour or 

I.93 times the loss during summer (4,3 gms per hour). 

Lepus californicus 

Summer.—The mean minimum water loss value of .147 

+ ,015% BW/hr (N=31), obtained at the lower ambient tem

peratures of 10 to 25 C. (Table 11, Fig. 15), is signifi

cantly lower (t=2.649) than the water loss at 3 0 C. 

Water loss increased exponentially above 25 C., and at 

approximately 39 C. the entire metabolic heat load is dis

sipated (Table 12, Fig. 16) at a water loss of .55% BW/hr. 

At this rate a 2100 gm black-tailed jack rabbit would lose 

II.55 gm water/hr resulting in a heat loss of 6.7 kcals. 

At 50 C. the mean maximum water loss of 1.475 exceeded the 

mean minimum value by a factor of 10 and resulted in the 
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dissipation of approximately 18 kcal which is twice the 

metabolic heat production. 

Winter.—The pattern of water loss during the 

winter (Table 11, Fig. 17) varied little from the summer 

pattern. The mean at 25 C. is significantly higher (t= 

4.494) than the mean minimum water loss of ,102 ± .007% 

BW/hr (N=32) which included values obtained from 3 to 20 C. 

Above 20 C. water loss increased progressively at a rate 

of approximately .143% BW/hr per 1 C. based on mean values 

(Table 11). 

Total metabolic heat dissipated through evaporative 

water loss (Table 12, Fig. 18) occurred at approximately 

the same weight loss value as in summer, .55% BW/hr, al

though at a slightly lower ambient temperature of 37 C. 

At 45 C. water loss amounted to .924% BW/hr which resulted 

in the mean dissipation of 158 percent of the metabolic 

heat load. 

Seasonal Acclimatization.—Relatively little 

seasonal difference occurred in Lepus californicus although 

water loss was generally lower during the summer above 20 C. 

(Table 11). Winter animals had a significantly lower mean 

minimal level (t=2.845) and increased their water loss at 

a slightly lower temperature (20-25 C.) than did the summer 

animals (25-30 C.). Although significantly lower at 35 C., 

water loss of the summer animals appears to increase 



TadLE U. WATER LOSS tPfc'RCErv! F bODY wtIGH T/HUUR) OF LEPUS CALIFOHNICUS IJURlNG SUMMER 
ANU WI -"J T F R AT VARIOUS AMBItNT I EMPEHATURES (AT). (NA^NUMBER OF ANIMALS, 
n=i\joii,kr of oh rthmirtai Ions* signup less than .05* ns=p greater than .05* 
NC=iJO! CALCUL/WM) W 1 UO SMALL) 

AT M A hi f-'EAIM i b.t. 9b PC COW INI RANGE 1_ P 
wl ER 3.2 s g . OHO • 0 J") . n 1 J. • 149 . 066 .095 

SUMMER 10.1 4 7 .lb9 .019 .112 .206 .092 .212 3.718 SIGN 
A' In ILK 10.0 5 s .0M1 • 0 1 0 .05/ .10b .034 .120 

SUMMER 15.0 4 7 .1(2 • 0 Hi .]2H .216 .087 .194 1.881 NS 
WINTER 14.9 6 •H .127 • 0 16 .089 • 16b .070 .170 

5Ul'lMfc.R 20.2 4 7 • lbH . 021 .106 .210 • 0B5 • 22B 1 .352 NS 
L-V I im T E R 20.1 5 7 .125 .012 .09b • lbb .064 .168 

SUMMER 2b. I 5 H . 12^ .014 .0*4 • 1 62 .068 .176 1.957 MS 
I iN 11R 24.H 6 H .It b .019 .129 .221 .123 .289 

SUnMLK 30.0 4 H .22b .013 . 19b .257 .165 • 25H 1.279 NS 
WILIER 30.0 0 7 . 2o 1 . 025 . 1V9 .323 .195 .367 

StJHMER 35.1 5 9 . 34b • 0 25 .?6h .404 .234 • 456 3.234 SIGN 
(JIlNltR j 'V • V f 7 .40H • 02« .399 .53 7 .395 .609 

SOHMLH 39.7 f) 10 .602 . 0 (iK . 42b .779 .456 • 69ft • .975 NS 
w I IM I LR 4 (). 0 5 7 .700 .04? .59M .802 .582 .365 

SUMMER 44.9 4 7 .9X4 . 0b4 .793 1 .055 .839 1.101 NC 
I w I LR 4 5 . 4 4 4 .924 NC NC . 796 .10H 

SUi-tMt R 4 9.6 S N 1 .4 /b .093 1 .255 1.69b 1.060 1.929 
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to 



63 

2.0 

0.6 

" 

I 

AMBIENT TEMPERATURE (°C) 

Fig. 15. Water loss of Lepus californicus during summer 
at various ambient temperatures. — Each point 
represents one determination (N). Reduced data 
are in Table 11. 



TadLL 1?. PtHCENl  OF METABOLIC HtAT PRODUCTION DISSIPATED THROUGH EVAPORATIVE WATE* 
LOSS JN L fPUS C^L I f -OKk ' ICUS CURING SUMMER AND * INTER AT VARIOUS AMBIENT 
i tmpfka tumts  (a l ) .  (C j r tsNUMbER OF ANIMALS*  N=NUMBER OF DETERMINATIONS* 
SI ( fs |=P LKSS fHAN -Ob*  NS- i '  GHhAtER I  HAW .U5» NC=NuT CALCULATED N TOO SMALL)  

AT MA N WEAN i  S.t .  95 PC LOW INI  RANGE 1  P 
1"I T tR 3 .2  S 9  11 .  Of)  .4b  10.0? 12-04 9 .36  13.25 

su  MtK 3 0 -1  <+ 7 17 .43  1  .SO 13.76 21.10 11 .05 21.88 2 .044 NS 

'•''I 1 f c .H l v.. o H 12 .73  1 .  7  o  8 .7  0 16 .  (h  6 .03  20.79 

su  Hh« 1 S .O 4  7  22 .24  2 .3b  16 . *8  28.0  0  11 .61  29.04 .181 NS 

V'  1  I tK  J .4 .9  6  H 22-^  3.2<J IS .20  30 .78  12.06 37 .84 

SU MtR ?'.).?  4  7  23 .38  3 .  lh  IS .  66 31 .09  13.8H 35.60 .522 NS 

* 'J  1  EH 20 .1  5  7  *5 .31*  2 .20  19.99 30 .7b 13.12 29 .58 

su  MEH 25 .1  5  8  25 .  /  7  3 .10  IP .44  33 .  10 13 .22  

•3-in .
 

r-"O 2 .835 SIGN 

*  1 1  ER 24 .8  6  a  37 .41  2 .o9  31 .OS 43 .  n  29.62 51.34 

so  MEH 30.  0  u. H SO.71 4 .28  4( ) .  so  60 .84 33 .49 7?.19 .509 NS 

I tR  3n.u  6  7  54 .41  6 .06  39.59 69.23 39.22 85.80 

S i '  MLR US.  1  s  9  69-42 3 .02  62 .4^  76.39 54 .34 81.48 3 .431 SIGN 
v . ' l  1 EH 34 .9  7  7  H8.69 b .  U 7 76 .27  101.11 73 .21 111.30 

su  1-1 tR 39.7  6  10  107.61 4  .  1J 9H.27 1)6 .95  88.85 131.81 2 .608 SIGN 

WI  IKK 4U.0  5  7  125-14 5 . 4  7 111 .76  138.S3 105.7  0  147.08 

SU MtK 4 4 .9  4  7  14 0 .76  M.b j  119.88 161.64 117.14 169.53 NC 
W  J  IEK 4 5 .4  4  4  1  L j  8  .  7 3  r !C  (MC 143.67 184.18 

SUr iMtR 4 9 .  b  s  8  21)2 .82  I t .09  169.S( )  236.14 152.43 263.11 

o 
js. 
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Fig. 16. Percent of metabolic heat production dissipated 
through evaporative water loss in Lepus 
californicus during summer at various ambient 
temperatures. — Each point represents one 
determination (N). Reduced data are in Table 
12. 
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Fig. 17. Water loss of Lepus californicus during winter 
at various ambient temperatures. — Each point 
represents one determination (N). Reduced data 
are in Table 11. 
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Percent of metabolic heat production dissipated 
through evaporative water loss in Lepus 
californicus during winter at various ambient 
temperatures. Each point represents one 
determination (N). Reduced data are in Table 
12. 
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exponentially, as opposed to a progressive rate of increase 

during the winter (Figs. 15, 17). Thus water loss during 

summer approaches that of the winter at 40 C. and is the 

same at 45 C. However, the increase over the mean minimum 

level at 45-C. is greater in the winter (9.1) than in the 

summer (6.3), 

Because of slight increases in water loss with 

little change in metabolism, the winter acclimatized animal 

is able to dissipate more metabolic heat at the same tem

perature than the summer animal, with significant dif

ferences occurring at 10, 25, 35 and 40 C. (Table 12). 

Total metabolic heat production is also dissipated at a 

slightly lower temperature (37 C.) in the winter than in 

the summer (39 C.)—the loss (.55% BW/hr) is the same. 

Lepus alleni 

Summer.—An abrupt increase occurred in water loss 

(Table 13, Fig, 19) between 25 to 30 C, with the mean at 

30 C. significantly higher (t=6.287) than the mean minimum 

level of .104 + .004% BW/hr (N=40) based on values obtained 

from 5 to 25 C. Above 25 C. water loss increased at an 

exponential rate until 40 C. where a 3300 gm antelope jack 

rabbit would lose 16.7 gms/hr (.505% BW/hr, Table 13) and 

dissipate the total metabolic heat production of 9.7 kcal/ 

hr (Fig. 20). From 40 to 50 C. water loss increased at 
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a progressive rate of .064% BW/hr per 1 C. increase in 

ambient temperature. At 50 C. water loss exceeded the mean 

minimum level by 11.1 times, and the heat loss through 

evaporation of 38 gms of water dissipated 164 percent of 

the metabolic heat production. 

Winter.—Water loss (Table 13, Fig. 21) progres

sively increased from 10 to 30 C. at a rate of .007% BW/hr 

per 1 C. The mean minimal level of .078 ± ,008% BW/hr 

(N=31) was determined from values obtained at temperatures 

of 3 to 20 C. and is significantly lower (t=4.082) than the 

mean water loss at 25 C. 

Above 25 C. water loss increased at an exponential 

rate. Total evaporation of heat produced through metabo

lism (Table 14, Fig. 22) occurred at 40 C. where .609% 

BW/hr or 20 gms of water was lost per hour. At 45 C. water 

loss exceeded the mean minimum level by 11.9 times and the 

evaporative heat loss dissipated 130 percent of the heat 

produced through metabolism. 

Seasonal Acclimatization.--In Lepus alleni the mean 

minimum level during winter is significantly lower (t=3.266) 

than the summer value. However, water loss during the winter 

began to increase at a lower ambient temperature and at a 

faster rate than during the summer. This resulted in lower 

water losses for the summer sample above 20 C. with sig

nificant differences noted at 25, 35 and 40 C. (Table 13). 



TAULE 13. WATEH LOSS U'EHCENl UUDr WEIGHT/HOUR ) OF LEPUS ALLEN I DURING SUMMER AND 
tollMTKK AI VARIOUS AMblEMT 1EilPEUATURES W\T) . (NAsNUMftER OF ANIMALS* N= 
FsJUMnf-.R OF Oc-TERMINA 1 IONS. STGN=F LESS THAN .05* NS=P GREATER 1 HAN .05» 
iMC=MOI CALCULATE N TOO SMALL) 

at :-ja Li p/eam £ ;>.t. 9b PC. CON int range T P 
sijhmtr b .2 4 7 .O'.Jb .0 0,} . Obrj .104 .056 .114 2.934 sTgn 

rt i !M 1 e r 3.1 f> .ObH .0 0^> .04b .071 .041 .086 

summer 10.1 6 9 • 11 H .009 .09H • 13ti .089 .177 5.885 sign 

-'i inter lit.2 6 . 0b2 .00 7 .036 .008 .009 .072 

suntoert ri. l 5 . lie* .00 7 .0 99 .133 .089 .152 1.211 (ms 

WIn 1tK 15.1 6 / .09b .016 • 0b6 .13b .049 .166 

summer 2d..* 4 7 .0«9 • 009 . Ob* .110 .053 .116 1.102 Nb 
wiwlek 20. 1 7 7 .113 .020 . 064 .162 .043 .1.94 

summer 2b. 6 A a . 1U4 .00 7 .0(3/ .121 • 064 .128 2.874 sign 

i IM 1 e r 2b. 1 7 7 • 1 4 7 .014 . 113 .181 .095 .212 

SUMMER 3'J.l 4 7 .174 .012 .14b .203 .136 .223 .379 ims 

winter 30.0" 6 M .1*2 .017 .142 .222 .108 .243 

.surtmer ib. 1 s rt .2«y .ols . 2b4 .322 .230 .370 2.521 sign 

w 1 ,g i Est 3'* .9 5 h .3b0 .025 .302 .4 id .273 .445 

summer 39. 7 6 7 .b06 .022 .452 .560 .407 .596 3.311 sign 

i',11 tm t t r 39.9 a 7 .609 .022 • bbb • 663 .545 .702 

summer 4 b • 0 6 h .HbO • 03b .7b8 .932 .691 1.003 nc 

w 1 IM 1 e r airj.o 4 4 .931 nc nc .031 1.120 

sui'hier '« 9 . 9 5 in 1.1H2 • 032 1.0^ 1.22b .982 1.235 
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Fig. 19. Water loss of Lepus alleni during summer at 
various ambient temperatures, — Each point 
represents one determination (N). Reduced 
data are in Table 13. 



TaoLE 14. PtRCENT of MTTAbULlC HEftT PRODUCTION DISSIPATED THROUGH EVAPORATIVE WATER 
LUbS IN LE^US ALLENI UUP.ING SUMMEK AND WINTER AT VARIOUS AMBIENT 
1 EMPE^'WIJkES {A1 ) . (NAsMl.'MBEK OF ANIMALS* N=NUMBER OF DE f ELIMINATIONS* 
SIGNsh LESS than .04* NS=W ghfatt-k 1 han . 05» NC=N01' CALCULAIEU N TOO SMALL) 

a r wa ME«N i b.L. 95 PC 1 -ON TNT RftNGE T P 
SUwMtH b .2 4 7 9.99 7.v>b J 2.02 6.71 11.64 2 7392 SIGN 
'.vinIEk 3.1 b 9 7.4 V .t)f5 b • V7 9.0U 4.99 10.83 

SUMMER J 0.1 6 16-36 .«2 14.47 ib.2b 10.84 1R.76 5 .634 SIGN 
.mi N f ER JO.? 6 8 8.14 1 . 2<f 5.20 11.0b 1.13 12.98 

SUMMEK lb. 1 5 9 18.42 1.22 15.62 21.23 12.94 22.61 .336 NS 
wINIEK lb.I ft 7 17.51 2 . fc>7 1 0-99 24.04 H • 33 26.46 

SUnMEK 2 u. 3 4 I 17.23 1. / f> 13.07 21 .39 10.82 23.81 1 .436 NS 
v.11 n 1 ER 20. 1 7 7 23.11 3.73 *

 

"I •—
i 

32.22 8.82 38.76 

SOMBER 25.b 4 8 29.72 2 . b8 23.02 35. 81 20.83 39.0? .663 NS 
1 ER 25.1 7 7 32.29 2.92 25-15 39.42 21.89 44.89 

SUH-'IER 3(». i 4 7 4 6.31 1 .93 41 .60 51 .02 40.22 54.53 .963 NS 
"• i ivi i EH 30.0 ft 8 42.29 3 . b 1 33.99 50.59 26.02 56.43 

sUMMER "35.1 5 8 f?..bl 3.4S to^.46 HO .7t> 63.24 88.39 .310 NS 
,•) J isT ER ^.9 '5 8 74. 08 3.29 66.31 HI .86 66.05 92.13 

SUrtMEK 39.7 6 7 97. fb o .9Q till • 66 114.85 79.97 130.92 .435 NS 
wInTER 3V.S 6 7 101.19 3.67 9 2-22 110.16 89. 15 114.18 

SUHMER 4 5.0 6 8 136.54 b.tlif. 122.72 150.36 1)4.12 167.10 NC 
V' 1 IM 1 fc. K l\ b * 0 4 4 130.90 WC NC 105.61 157.85 

SUnrMER 4V.9 5 in 1.64 . 12 6.81 148.72 179.53 129.84 196.88 
-J 
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Fig. 20. Percent of metabolic heat production dissipated 
through evaporative water loss in Lepus alleni 
during summer at various ambient temperatures, • 
Each point represents one determination (N). 
Reduced data are in Table 14. 
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Fig. 21. Water loss of Lepus alleni during winter at 
various ambient temperatures. — Each point 
represents one determination (N). Reduced 
data are in Table 13. 
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Fig, 22. Percent of metabolic heat production dissipated 
through evaporative water loss in Lepus alleni 
charing winter at various ambient temperatures. 
Each point represents one determination (N). 
Reduced data are in Table 14. 
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Mean minimum water loss was also exceeded to a greater 

extent during winter (11.9 times) than in the summer (8.2 

times). 

Little seasonal differences existed in the dis

sipation of metabolic heat by evaporation (Table 14) due 

to the concurrent changes in metabolism. During both 

seasons the total heat produced through metabolism was dis

sipated at 40 C. However, in doing so the summer animal 

lost 16.7 gms of water as compared to 2 0.0 gms for the 

winter animal—a savings of 16.5 percent. 

Body Temperature 

Sylvilagus auduboni 

Summer.—Body temperature (BT) varied very little 

in the summer at ambient temperatures (AT) below 35 C. 

(Table 15, Fig. 23) and no significant differences occurred 

between consecutive temperatures. Regression analysis also 

indicated no significant relationship between body and 

ambient temperature from 5 to 3 0 C. where the desert cotton

tail maintained a mean minimum body temperature of 38.25 

± .13 C. (Table 16). 

At air temperatures above 3 0 C. body temperature 

was maintained at progressively higher levels, increasing 

.334 C. (slope, Table 16) per 1 C. increase in ambient tem

perature. Hyperthermia, increase in BT over the mean 
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minimum level, began at 3 0.7 C. as determined from the 

intersection of the upper line with the lower line (mean 

minimum BT). At 42 C. BT had increased 3.55 C. over the 

mean minimum level and equalled AT. At 45 C. the desert 

cottontail maintained a mean BT of 43.1 C. which is an in

crease of 4.85 C. over the mean minimum level. 

Winter.—As in the summer BT showed no correlation 

with AT below 35 C. as indicated by regression analysis. 

The mean minimum BT of 3 8.47 ± ,07 C. which included 

values obtained from 3 to 30 C. (Table 14, Fig. 24), also 

did not differ significantly from the summer level (Table 

15) . 

Hyperthermia began at 3 0.0 C. and BT increased at 

a rate of .34 6 C./l C. which is slightly higher than the 

summer value. At 4 0 C. BT was maintained at 4 2.1 C. after 

undergoing a hyperthermic increase of 3.6 C, During the 

winter experiments BT never equalled AT, always remaining 

above it, but extrapolation of the upper line indicates 

that they would equal one another at 42,9 C. 

Seasonal Acclimatization.—Seasonal differences 

did not exist in Sylvilagus auduboni between mean minimum 

levels (Table 16) or at the same ambient temperature (ex

cept at 10 C.t Table 15). However, significant differences 

exist and are apparent when other criteria are considered. 

Although rates of increase above the mean minimum level 



TAbLE 15. BODY TEMPERATURE OF SYLVILAGUS AUUUBONI DURING SUMMER AND WINTER AT 
VARIOUS AMBIENT TEMPERATURES (AT). (NA=NUMBER OF ANIMALS* N=NUMBER 
OF f)E TERMINA riONS* SIGN=P LESS THAN .05* NS=P GREATER THAN .05* NC= 
NOT CALCULATED N TOO SMALL) 

AT MA im mean ± S.E. 95 PC CON INT RANGE z. P 
WINTER 2.1 9 9 38.33 .20 37.87 38.80 37.5 39.5 

SUMMER 5.2 9 9 38.36 .45 37.32 39.40 35.5 39.8 1.380 NS 
WINTER 4.6 15 16 38.92 .17 38.56 39.27 37.2 39.8 

SUMMER 10.5 9 9 38.04 .45 37.00 39.08 36.0 39.8 2.096 SIGN 
WlNfER 10.6 13 14 38.91 .16 38.55 39.26 38.0 40.2 

SUMMER 14.2 10 10 38.47 .34 37.70 39.25 35.8 39.7 .429 NS 
winter 15.6 19 24 38 . 32 .17 37.9 7 38.68 35.8 40.1 

SUMMER 20.4 10 10 38.13 .27 37.52 38.73 37.1 39.2 .159 NS 
WINTER 20.3 17 22 38.17 .15 37.85 38.49 36.3 39.5 

SUMMER 25.0 7 7 38.25 .44 37.17 39.32 36.5 39.2 .129 NS 
wlwTtR 25-1 15 15 38.20 .17 37.84 38.55 37.3 39.3 

SUMMER 30.1 15 15 38.23 .19 37.82 38.63 37.1 39.3 1.254 NS 
winter 30.1 19 20 38.58 .19 38.17 38.98 37.2 41.2 

SUMMER 35.1 7 8 39.82 .14 39.49 40.16 39.4 40.5 .156 NS 
winter 35.0 19 19 39.8 7 .16 39.52 40.21 38.8 41.4 

WInTER 37.4 7 7 41.53 .26 40.89 42.16 40.5 42.2 

summer 39.9 6 7 41.05 • i 6 4 0 .66 41.43 40.6 41.7 .848 NS 
WINTEK 39. 8 R 9 42.07 1.05 39.65 44.49 40.5 43.1 

SUMMER 42.1 9 11 42.09 .22 41 .61 42. 5y 41.0 43.5 NC 
win r er 4 2 . 0 3 3 42.4 7 NC NC 42.3 42.7 

summer 44.9 7 10 43.07 .14 42.75 43.39 42.3 43.8 
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Pig. 23. Rectal temperature of Sylvilagus auduboni 
during summer after 60 minutes of exposure 
to various ambient temperatures. — Each point 
represents one determination (N). Reduced 
data are in Tables 15 and 16. 



Table 16. Relationship of body temperature (BT) to ambient temperature (AT) in 
Sylvilagus auduboni during summer and winter. (NA=number of animals, 
N=number of determinations) 

MEAN MINIMUM LEVEL 

AT 95% Confidence Hyperthermia 
Season Range NA N Mean ± S.E. Interval t P began 

Summer 5-30 22 60 38.25 ± .13 37.98 - 38.51 30.7 C. 
1.672 >.05 

Winter 3-30 36 120 38.47 + .07 38.33 - 38.61 30.0 C. 

UPPER LINE 
95% Confidence Interval 

Regression Equation r P y intercept slope 

Slimmer 35-45 16 36 BT=28.00 + .334(AT) .913 <.01 27.82 - 28.18 .283 - .385 

Winter 30-42 23 58 BT=28.08 + .346(AT) .841 < .01 27.85 - 28.31 .286 - .405 

Test of Slopes: F=l.204,P>.05 Test of Reset: F=7.585,P(.01 Amount of 
t=l.097,P>.05 — Reset: +.56 C. 

00 
o 
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Fig. 24. Rectal temperature of Sylvilagus auduboni during 
winter after 60 minutes of exposure to various 
ambient temperatures. — Each point represents 
one determination (N). Reduced data are in 
Tables 15 and 16. 
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are the same in summer (.334) and in winter (.346), the 

winter sample began hyperthermia at a slightly lower air 

temperature (30.0 C.) than did the stammer sample (30.7 C.) . 

Thus, the winter animal has significantly higher body 

temperatures (test of reset, Table 16) above 30 C. with 

a mean difference (amount of reset, Table 16) of .56 C. 

At 40 C. the winter animal also underwent a greater 

degree of hyperthermia (3.6 C.) than did the summer animal 

(2.9 C.). Furthermore, in the winter body temperature is 

predicted to equal that of the air at 42.9 C. while in the 

summer this occurred 1.1 C. lower at an air temperature of 

41.8 C. 

Lepus californicus 

Summer.—The mean minimum BT of 38.76 ± .10 C. 

represents values for air temperatures from 10 to 30 C. 

where there is no significant correlation between BT and 

AT (Tables 17 and 18, Fig. 25). Hyperthermia began at an 

AT of 33.2 C., the point of intersection between the lower 

and upper lines, and BT increased .216 C. for every 1 C. 

rise in air temperature (Table 18). After increasing 1.5 

C. over the mean minimum level, BT equalled AT at 4 0.3 C. 

Above 40.3 C. BT remained below AT with maintenance of an 

average gradient of 3.8 C. at 45 C. and 7.1 C. at 50 C. 
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Winter.—Determination of mean minimum BT and the 

AT at which hyperthermia began was difficult in Lepus 

californicus because of the relatively slight changes 

which occurred in body temperature (Table 17, Fig. 26). 

No significant correlation exists between BT and AT below 

30 C., while above this temperature the correlation is 

significant. Intersection of three different mean minimum 

BT's representing various ambient temperature ranges (5-

20, 5-25, 5-30 C.) with four different upper lines (20-45, 

25-45, 30-45, and 35-45 C.) indicates the same general 

conclusions. Mean minimum BT in the winter is approximately 

38.7 C. and does not differ from the summer value. Hyper

thermia began between 24 and 27 C. and the rate of increase 

in BT per 1 C. AT is approximately .09 C. Representative 

data for mean minimum body temperature and the upper line 

are given in Table 18 and Fig. 26. 

At 4 0,0 C. BT had increased 1.3 C. over the mean 

minimum level and equalled AT. Between 40 and 45 C. the 

mean BT had increased 0.6 C. to a level of 40.4 C. where it 

was maintained for up to three hours. 

Seasonal Acclimatization.—There is no seasonal 

difference between means at any ambient temperature tested 

(Table 17) or between mean minimum values (Table 18). The 

temperature at which body equalled air temperatvire in Lepus 



TAoLE 17. BODY IEMPEKATU^E OF LEPUS CALIFORNICUS DURING SUMMER ANO WINTER AT 
VARIOUS AMBIENT TEMHEwATUKtS (AT). (NA=iMUMBEH OF ANIMALSi N=NUMBEK 
of oedominations* sii?im=p less ih/\n .ob? ns=p greater than .05» nC= 
nul c/'lcui.al t'D n 100 small) 

AT NA N l*EAN + S . E , 9b PC CON INT RANGE T_ IP 
wInTEH 3.2 b 9 3H.77 .23 38.24 39.311 37.3 39.6 

SUtlHEH 1(1.1 4 7 38.t>9 . in 3d. 2^ 39.14 38.0 39.5 .278 NS 
v in Ilk 10.(1 S K 3H .02 .16 38.2b 3H.S/9 3 7.8 39.2 

SUMMER 1S.0 3 fa 3H .61 NC NC 37.3 39.4 NC 
nlHTEH 14.9 6 8 39.21 . 26 38.b9 39.83 3B. 2 40.2 

SUMMER 20.2 4 8 38.93 .15 38.b8 39.29 38.4 39.8 NC 
w I im 1 EH 20.1 4 6 38. 2 U NC NC 37.0 38. 9 

SUHMEK 2b. 1 4 7 38.99 .33 38. 19 39.BO 37.9 40.2 .736 NS 
WIIMTEH 24. H 6 3e.t>3 • Jb 37.bU 39 • 4 f 37. b 40.4 

SUHI-IEH 30. 0 b 38.60 .21 38.11 39.09 37.4 40.0 1.502 NS 
WJMEH 30. 0 6 7 39. U 7 .23 38.bl 39.63 37.8 39.5 

SUMMER 35.1 5 9 39.34 .33 38.b7 4 0.10 3B.2 41.5 .995 NS 
WII-J T t" R 34.9 7 7 39.Hi .33 39.00 40.63 38.8 41.6 

SUl'iMEU 39.7 6 }0 4 0.i' 7 .17 39.6b 40.47 39.1 40.7 .655 NS 
v-! 1 im 1 ER 4 0.0 5 7 39. *8 .26 39.2b 40.bl 38.6 40.7 

SUMMER 4 4.9 4 7 41.U7 .26 40.44 41.70 40.3 42.2 NC 
W 1 im It 4 4b.4 4 4 4 0.43 NC NC 39.9 40.9 

SUimMEK 49. o b 8 42.bl .is 42.OH 42.93 41.5 43.2 

00 
it. 
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Fig. 25. Rectal temperature of Lepus californicus during 
summer after 60 minutes of exposure to various 
ambient temperatures. — Each point represents 
one determination (N). Reduced data are in 
Tables 17 and 18. 



Table 18. Relationship of body temperature (BT) to ambient temperature (AT) in 
Lepus californicus during summer and winter. (NA=number of animals, 
N=number of determinations) 

AT 
Season Range NA N 

MEAN MINIMUM LEVEL 
95% Confidence 

Mean ± S.E. Interval 
Hyperthermia 

began 

Summer 10-30 7 37 38.76 ± .10 38.56 - 38.97 

Winter 3-25 8 39 38.71 ± .12 38.47 - 38.96 
.300 >.05 

33.2 C. 

25.6 C. 

UPPER LINE 

95% Confidence Interval 
Regression Equation r 2 y intercept slope 

Summer 35-50 9 34 BT=31.58 + .216(AT) .862 <.01 31. 33 - 31.82 .171 - .261 

Winter 25-45 9 33 BT=36.48 + .087(AT) .629 <.01 36. 21 - 36.75 .048 - .125 

Test of Slopes: F=18.860,P<.01 
t= 4.343,P<.01 

00 
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Fig. 26. Rectal temperature of Lepus californicus during 
winter after 60 minutes of exposure to various 
ambient temperatures. — Each point represents 
one determination (N). Reduced data are in 
Tables 17 and 18. 
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californicus also did not differ from summer (4 0.3 C.) to 

winter (4 0.0 C.). 

A seasonal difference did occur in the air tem

perature at which hyperthermia began with the winter 

sample showing an increase in body temperature 6 to 8 C. 

lower (at 24 to 27 C.) than in summer (33 C.). Because of 

such a large difference it would be expected that the winter 

sample would have significantly higher body temperatures 

than the summer sample at air temperatures above 27 C. 

However, the rate of hyperthermic increase in the summer 

(.216) is 2.3 times that of the winter (.09) and results in 

approximately equivalent hyperthermic body temperatures 

regardless of the season (Table 17). 

Lepus alleni 

Summer.—At air temperatures of 5 to 20 C., BT 

increased (Table 19) at a rate of .064 C. per 1 C. AT 

(Table 20, Fig, 27). This was the only time in this study 

that BT was significantly correlated with AT at the lower 

ambient temperatures. From 20 to 30 C. BT plateaued at a 

mean minimum level of 38.11 ± .10 C. (Table 20) and showed 

no correlation with change in AT. 

Hyperthermia began at 30.5 C. and BT increased at 

a rate of .212 until it equalled AT at 40,2 C. after a 

total increase of 2,1 over the mean minimum level. At 45 
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and 5 0 C. BT was maintained 3.4 and 8.0 C. below AT with 

these gradients held for three hours. Between 45 and 50 

C. the mean BT increased only .4 C. which is well below the 

average hyperthermic increase (1.2 C.) exhibited at the 

lower air temperatures during 5 C. intervals (Table 19). 

Winter.—The mean minimum BT of 3 8.13 ± .11 C. (Table 

20, Pig. 28) included values obtained at AT's from 3 to 25 

C, with no correlation existing between body and ambient 

temperatures. Hyperthermia began at 26.1 C. and BT in

creased at a rate of .173 C. per 1 C. AT (Table 20). 

Body equalled air temperature at 40.6 C. after a hyper

thermic rise of 2.5 C. At 45 C. BT was maintained at 41.8 

C, (Table 19), an increase of 3,7 C. over the mean minimum 

BT. 

Seasonal Acclimatization.—The mean minimum body 

temperature did not differ between summer and winter samples 

of Lepus alleni (Table 20). However, the summer value 

represents body temperatures obtained at air temperatures 

from 20 to 30 C. while the winter level represents values 

obtained from 3 to 25 C. Furthermore, the summer sample 

underwent hypothermia below 20 C. while the winter sample 

did not, and this resulted in a significantly lower body 

temperature at 5 C. during the summer (Table 19). 

Hyperthermia occurred at a lower air temperature 

in the winter than in summer although the rate of 



TAbLE 19. BOUV FEMPEKATURE OK LEPUS ALLENI DURING SUMMER AND WINTER AT VARIOUS 
AMrttENT TFMPERAtURES (AT). (NA=N<JMBER OF ANIMALS, N=NUM«ER OF DETER
MINATIONS. SIGN=H LESS THAN .0b* NS=P GREATER THAN .05* NC=N01 CAL
CULATED w TOO SMALL) 

AT NA f/EAN + S.tL. 95 PC CON INT RANGE t P 
SUrttiER 5.2 4 7 3 / . 10 .31 3b . 34 3 / .Ho 36. 0 38.2 2.714 SIGN 
WIIMT ER 3. L (S 9 38.02 . 1 rt 37.61 38.43 37.6 39.0 

SUMMER 10.1 6 9 37.bH .29 36.90 38.2b 36.0 38.5 .767 NS 

WIIMIER 10.2 s 7 37.y« .24 37.29 38.47 36.9 38.8 

SUMMER 15.1 5 9 37.64 .25 37.06 3H.22 36.3 38.6 1.478 NS 
WI ix I ER lb. 1 6 7 38.30 .39 37.34 39.2b 36.8 40.1 

SUMMER 20.3 4 7 38.15 .18 37.70 38.60 37.2 38.5 .041 NS 
WIrjIER 20.1 7 7 3d. 14 .26 37.51 38.7 t 37.2 39.2 

SUMMER 25.6 5 9 38.11 .23 37.59 38.63 37.4 39.3 .681 NS 

tolwlER 2b. 1 7 7 30.33 .24 3f.7b 38.91 37.2 39.2 

summer 30.1 4 8 3H.U8 .13 37.77 38.3H 37.7 3R.6 5.231 SIGN 
WIwlER 30.0 6 7 3d.92 • U9 38.70 39.15 38.6 39.3 

SUnMtR 3b. 1 5 7 3H .90 .23 38.34 39.46 38.4 39.4 2.605 SIGN 
W ] N1 E R 34.9 5 H 39.71 .21 39.21 tO .21 30. 1 40.3 

SUMMER 39.7 7 H 40.25 .19 39.82 40.69 39.4 41.0 .156 NS 
WIN I ER 39.9 6 7 40.30 .23 39.73 40.07 39.0 41.1 

surimer 4b.0 s 9 41.57 .15 41.23 41.92 40.9 42.1 IMC 
WliwlER 45.0 4 a 41. ib NC NC 40.9 43.0 

SUMMER 49.9 4 9 42.01 .26 41.41 42.61 41.2 43.5 
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Fig. 27. Rectal temperature of Lepus alleni during summer 
after 60 minutes of exposure to various ambient 
temperatures. — Each point represents one 
determination (N). Reduced data are in Tables 
19 and 20. 



Table 20. Relationship of body temperature (BT) to ambient temperature (AT) in 
Lepus alleni during summer and winter. (NA=number of animals, N= 
number of determinations) 

Season 
AT 
Range NA N 

LOWER LINE 

Regression Equation r P 
95% Confidence Interval 
y intercept slope 

Summer 5-20 7 32 BT=36.81 + . 064(AT) .432 <-05 36.54 - 37.08 .014 - .113 

MEAN MINIMUM LEVEL 
95% Confidence 

Mean + S.E. Interval 
Hyperthermia 

t P began 
Summer 

Winter 

20-30 

3-25 

7 

8 

23 

37 

38.11 ± .10 

38.13 ± .11 

37.89 - 38. 

37.90 - 38. 

33 

36 

30.5 C. 
>.05 

26.1 C. 

UPPER LINE 

Regression Equation r P 
95% Confidence Interval 
y intercept slope 

Summer 30-50 11 40 BT=31.67 + . 212(AT) .93 0 < .  01 31.48 - 31.86 .185 - .239 

Winter 30-45 8 27 BT=33.61 + . 173(AT) .850 < .  01 33.38 - 33.84 .129 - .217 

Test of Slopes : z= 
t= 
=2.236/P>.05 Test of REset: F-
0L.495,P>.05 

ao. 516 ,P<.01 Amount of 
Reset: +.51 C. 

VD 
NJ 
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AMBIENT TEMPERATURE (°C) 

Fig. 28. Rectal temperature of Lepus alleni during winter 
after 60 minutes of exposure to various ambient 
temperatures. — Each point represents one de
termination (N). Reduced data are in Tables 19 
and 20. 



94 

hyperthermic increase was approximately the same (Table 

20). Significantly lower body temperatures during summer 

resulted at 30 and 35 C., as shown when means were tested 

(Table 19), and by the significant reset between the upper 

lines. During the summer the upper line is .51 C. lower 

than during the winter. Finally, body equalled air tem

perature at 4 0.2 C. during the summer and at 4 0.6 C. during 

the winter. 

Body Weight 

Mean field weights for the individuals of each 

species collected during summer and winter are given in 

Table 21. No significant differences are exhibited between 

winter and summer samples for the three species. Because 

of sampling technique, small sample size and selection of 

animals of a certain size, this analysis is not meant to 

represent or indicate changes in body weight of the natural 

populations due to seasonal effect. 

Mean body weight for each species has also been 

analyzed at each ambient temperature for those animals 

used in determination of oxygen consumption (Tables 22 to 

24). In this analysis an animal's weight may have been 

included more than once in determining the mean, particularly 

for both species of Lepus (compare NA with N, Tables 23 and 

24). Comparison on this basis shows that there was no 



95 

seasonal difference in Sylvilagus (Table 22) or L. cal-

ifornicus (Table 23) although in both cases the summer 

animals were generally smaller. Furthermore, in these two 

species significant differences did not exist between con

secutive temperatures during a season and, although not 

tested, it appears that none occurred between weights at 

any two temperatures. 

Lepus alleni, however, did show significant sea

sonal differences (Table 24) in weights at 25, 30 and 35 

C. with the winter animals being smaller. It also appears 

that significant differences existed between mean weights 

at different ambient temperatures in the summer sample 

(see mean weights at 25, 30 and 3 5 C. versus those at 10, 

15, 45 and, in particular, 50 C.). Differences were not 

significant between weights at consecutive temperatures 

during either season. 

The mean body weight of those animals whose oxygen 

consumption was measured in the zone of thermoneutrality 

is presented in Table 25. Again an individual's weight, 

which may or may not have changed, may have been included 

more than once. In this analysis significant differences 

occurred between summer and winter samples of Sylvilagus 

and L. alleni but not L. californicus. The winter sample 

at thermoneutrality is heavier in Sylvilagus and lighter 

in L. alleni. 



Table 21. Field weight (gms) of three species of Leporidae collected during 
summer and winter in vicinity of Tucson, Pima Co., Arizona. (Only 
those animals used in analysis are represented.) 

Season N Mean ± S .E. 
95% Confidence 

Interval Range t P 

Sylvilagus auduboni 

Summer 29 701.71 + 11. 79 677.56 - 725.86 595.6 - 832. 6 
.205 >. 05 

Winter 39 705.38 i 12. 66 680.05 - 730.70 600.9 — 898. 0 

Combined 68 703.82 + 8. 78 687.27 - 721.37 595.6 - 898. 0 

Lepus californicus 

Summer 11 1988.61 + 106. 01 1752.42 - 2224.80 1365.6 — 2506. 0 
1.225 >. 05 

Winter 9 2192.37 + 56. 25 2062.65 - 2322.09 1947.7 — 2447. 9 

Combined 20 2080.30 + 66. 29 1941.56 - 2219.04 1365.6 - 2506. 0 

Lepus alleni 

Summer 13 3362.48 + 98. 39 3085.88 - 3639.08 2566.0 — 4007. 3 
.427 >. 05 

Winter 9 3275.27 + 163. 19 2898.95 - 3651.58 2779.2 — 4061. 2 

Combined 21 3326.80 + 98. 39 3122.15 - 3531.45 2566.0 4061. 2 



I A d L E  22. INITIAL B O U Y  WEIGHT U F  S Y L V I L a G U S  AUOUBONl USED IN DETERMINATION OF 
ME I t\HULISM Af VARIOUS AMB [fc-NT TEMPERAl UKfc'S IJUHING SUMMER AND WINTER. 
l h ! A  =  n u r t r f c . m  UF ANIMALS? n ^ j u m b f . k  Of* DETERMINATIONS, SIGNUP LESS fH A N  
.Ub. N5-P CiKEAltzP TH«rJ .05* NC=NO| CALCULATED N TOO SMALL) 

AT I'-IA J! yfc'AN ± b • t • 95 PC 1 :i)N lfvlT MANGE I P 
WINTEH 2.1 «-> 9 724.34 26.H3 ob2.48 78b.20 632. a 881 .8 

SUHMtR 5.2 9 9 6 74.79 lb.32 639.47 710. J 1 607.9 732.3 .153 NS 
•."'INI EM 4 . b 15 16 678 • 62 lb.bS 643.35 713.89 584.2 801.7 

SUMMtK 11) .5 9 9 674.34 21.26 625.32 723.37 590.6 716.7 .437 NS 
winrtn 10.6 13 14 fi 6 • 81 If-*32 64 7.24 72o.39 600.9 831.3 

SUl'lMEM 14.2 10 10 b 5 0 .26 20 .06 604.89 69b. (->3 571.2 769.9 1.398 NS 
wINI EM lb.6 19 24 bR5.72 14.07 f>56 . o2 714.82 590.2 837.3 

SUnMLW 20.4 lo 10 65b.44 20.50 610.06 702.82 562.1 759.4 1.773 NS 
win I t.H 20.3 17 22 703. 78 lb.37 671.til 735.76 595.0 834.2 

i 
SUnMEM • 

i 
25.0 7 7 688.23 15.02 •

 

LTl 

725.00 635.0 754.1 .242 NS 
•.\1N1 tK 25. 1 15 15 695.6U 19.43 653.93 73 7.27 610.9 842.2 

SUiiMtH 30.1 15 15 673.11 17.00 63b. 6b 709.56 602.1 816.4 1.339 NS 
Wlwl EM 30. I 1° 20 7 0 3.83 15.25 b7l.91 73b.75 624.4 891.0 

SUririEH 35 . 1 7 H 677.47 20.25 629.59 72b.36 602.3 761 .9 1.414 NS 
•a IN 1 EM 35.0 19 19 722.4b 18. b9 683.20 7bl.72 612.2 897.4 

WINTLR 37.4 8 rt 709.21 2^.91 655.03 7b3.39 636.9 830.8 

SUMMt'K 39.9 6 7 6 4 .89 1 7.64 621.7 1 708.06 592.9 713.5 1.542 NS 
vJIim ! EK 39.8 8 9 725.3 7 31 .56 bb2.bo 79b.15 637.2 920.0 

SUnHtM 42.1 o 1 1 664 .02 ft. 79 644.43 683.60 606.5 702.2 NC 
v." iHTtM A 2.0 3 3 702.00 HO NC 672.0 720.0 

SUriMEM 4 4.9 7 10 673.57 15.09 639.43 707.71 638.6 762.4 



T A l j L E  2 3  I N I T I A L  HOt)Y uElGHf O F  L E P U S  C A L 1 F O R N I C U S  U S E D  I N  D E T E R M I N A T I O N  O F  
MLUHOLJSM AT VARIOUS AMBIENT I'ErtPERATUKES UUKING SUMMER AND WIN1ER. 
(NrtsNUMHF.K OF ANIMALS* N=N'UMU£R Of- DETERMINATIONS, SlGN=P LESS THAN 
• Ub • fvS=P GWFATEW I HAivl .05» NC=NOl CALCULATED N TOO SMALL) 

AT N MEAN i S.E. Vb PC i COM INT RANGE T_ P 
Ii^l ER 3.2 5 9 2041.67 2b.55 1VH2./6 2100.S8 1937,6 2201.6 

SUllMtH 10.1 4 7 1922 • 89 12t>*00 1609.b7 2236.10 1526.8 2364,9 1.322 NS 
vJiixTeK 1 0 . <> b H 2096.b4 bl .69 1974.28 2218.HO 1925.3 2365.9 

SUMMER lb. 0 4 7 1919.67 124.58 161^.6 3  2224,5? 1561.7 2376.3 .953 NS 
w IIM 1 Ki-i 14.9 6 rt • 2 (J 3 3.26 2o.02 19f l . f 3  2094.HO 1971.3 2190.0 

SUMMER 20.2 s 9 1906.bb I24.rt9 1618,56 219t,55 1220.3 2398.1 1.282 NS 
W I 1 E K 2U . 1 5 7 2101.93 bl .32 I9bl ,88 2251.98 1978.3 2350,5 

SUMMER 25.1 5 8 1912.30 lbb.49 1544.b6 2280.04 1343.6 2398.1 .870 NS 
^ ] N 1 E R 24. H 6 a 2o52.b2 42.34 1952,39 2152.66 1942.6 2313.2 

SUHMER 3<>.0 5 9 2046.62 11 o .4b 1788.09 2325.15 1329.7 2392.5 .906 NS 
w I im T t R 30. 0 it 7 2]97. 16 91-36 W3.O0 2420.71 19 f 3 • 8 2527.4 

SUHMEk 35. 1 u; V 2022.39 71. 1H 18b8.26 2186.52 1727.6 2363.3 .738 NS 
•M Nl EH 34.9 7 7 2104.24 fib .46 11«92 .68 231b.Hi 1870,5 2447.9 

SIMMER 39.7 6 ] 1 2053-7b 1U6.94 1815.bO 2292.01 1243.7 2391.0 .425 NS 
v: 1w T E K 4 0 . 0 5 V 21 16.33 73.20 1937.21 2295.44 1905.7 2390.4 

SUMMER 4 7 1992.99 7 8 . 4 6 J 800.98 2184.99 1569,0 2198.0 NC 
1 i t R  4 5.4 4 4 2147.1b NC NC 2026,1 2411.2 

SUiiMEK 49.6 5 H 2037.7b U3.3b 1769.67 2305.83 1476,2 2435.3 

V£> 
oo 



TAULE 24 INITIAL |U)PY WEIGHT OF LEPOS ALLENI USKU IN DETERMINATION OF METABOLISM 
Al VAH 11 >US AMHltW! lEM^EHAlUKea DURING SUMMED AND WINTER. <NA=NUM8ER 
OF ANIMALS* N=NUMbEH OF Ot \ EKMIN«! IUNS t SIGN=P LESS THAN .0S» NS=P 
GREATER I HAN . Ob • N<j=wOT CALCULA TtO N 100 SMALL) 

A r MA N i'FAN i S.I E. 9b PC COM INT RANGE I P 
SUMMER b. 2 7 3S76.89 14!^ • 39 3213. /8 3939.99 3137. I  4236.0 l7«89 NS 
< t  i  im r lk 3. 1 b 9 31 4 2 • 2 f  1 bb .4? 2 fbfc.bO 3b2b.03 2707.8 3770.3 

SUi'lMtR 10. 3 (•> 9 3443-24 IbO • IB 3090.93 3789.b6 2610.b 409b.5 .397 NS 
I N I Eh 10. 2 h  H 3357.48 I b4 • 40 2992.32 3722.63 2686.4 380b.b 

S«M»IMER IS. 1 s 9 346b.2b 1/4 .26 3063.'»2 3857.10 2642.5 40 OH.9 .974 NS 
v !  1 H 11R lb. 1 S f  3217.3.1 Ltil • 5ti 2772.99 366 J .Cv3 2704.1 3843.2 

SUi'MLR 20. 3 7 3S91.3b 99 • 49 3347.91 3H34.8] 3331.2 4015.0 1.578 . NS 
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Table 25. Body weight (gms) of the three species of Leporidae at thermoneu-
trality during summer and winter. (NA=number of animals, N=number of 
determinations) 

AT 95% Confidence 
Season Range NA N Mean ± S.E. Interval Range t P 

Sylvilagus auduboni 
Summer 30-40 15 30 672.35± 10.58 650.71- 693.99 592.9- 816 .4 

2 .274 <.05 
Winter 25-35 19 54 708.10+ 10.13 687.84- 728.36 610.9- 897 .4 

Lepus californicus 

Summer 25-35 6 26 2000.37± 65.46 1865.52-2135.22 1343.6-2398 .1 
>.05 0 .830 >.05 

Winter 20-30 9 22 2114.26± 38.61 2033.95-2194.57 1942.6-2527 .4 

Lepus alleni 

Summer 25-35 6 25 3812.16± 61.37 3685.49-3938.83 2861.7-4148 .7 
4 .736 <.02 

Winter 25-30 8 15 3255.85±112.44 3014.67-3497.03 2629.9-3852 .5 



DISCUSSION 

Comparisons with Published Data 

The observed metabolic rates at thermoneutrality 

during summer for the three species of Leporidae compare 

closely with the expected metabolic values for animals 

of this size as predicted from the equation of Kleiber 

(1961)/ M=67.6W*^^. The observed rates for both seasons 

exceed the predicted values (Table 26) by the following 

percentages: 

S. auduboni L. californicus L. alleni 

Summer 0.4 15.9 6.6 

Winter 24.0 17.7 21.4 

The winter rates of Sylvilagus auduboni and Lepus alleni 

are much higher than the predicted values because of the 

seasonal increase in their standard metabolism. In general, 

Lepus californicus falls farthest from the predicted values 

although its metabolism did not significantly change over 

the seasons. The observed metabolism of L. californicus 

is that expected of an animal half its size. 

Rates obtained by others on these three species 

compare closely to those obtained in this study. Lee 

(1940) found that wild cottontail rabbits, Lepus sylvaticus 

(= Sylvilagus auduboni), from Oklahoma had a metabolic 

101 
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rate of .575 ml C^/gm/hr (eight animals) when run at 28 C. 

in a post-absorptive state. This rate is lower than that 

observed here but the animals were much heavier, with an 

average weight of 980 gm, and were held under laboratory 

conditions for up to eight months. Their metabolic rate 

fell 1.5 percent below the predicted rate of ,58 4 ml 02/gm/ 

hr for an animal weighing 980 gm. This compares favorably 

with the 0.4 percent increase over the predicted rate found 

in this study for S. auduboni during summer. 

Schmidt-Nielsen et a]L. (1965) reported a metabolic 

rate of .57 ml 02/gm/hr at thermoneutrality for Lepus 

californicus (two animals, average weight 2200 gm) which 

is the same as the rate reported here. The two animals 

used in their study were collected in Tucson in January, 

transported to Duke University (Durham, North Carolina), 

housed (acclimated) at room temperature and run in April 

and May. 

Lepus alleni was found to have a metabolism of .55 

ml 02/gm/hr at thermoneutrality (Dawson and Schmidt-Nielsen 

1967) which is somewhat higher than the metabolic rate ob

tained in this study for winter-acclimatized animals. The 

five animals used in their study ranged in weight from 2800 

to 3700 gm and were also collected in Tucson (September), 

shipped to Duke University and acclimated to room tempera

ture. 
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Water loss and body temperature values reported 

elsewhere for the two hares are essentially the same as 

reported here. The only serious discrepancy with other 

published data is in the body temperature of Sylvilagus 

auduboni. Lee (1940) reports an average body temperature 

of 39.9 C. (84 measurements, range 38.7 to 40.9 C.) at ambient 

temperatures of 10 to 28 C. The average reported here for 

summer and winter animals at similar ambient temperatures 

(3 to 30 C.) is 38.4 C. (see Tables 15 and 16). This dif

ference of 1.5 C. can be attributed to the fact that in 

Lee's study the wild cottontails were held by the investi

gators while their body temperatures were taken. This 

procedure cannot be used with wild rabbits or hares; they 

undergo fright hyperthermia and their body temperature 

increases rapidly without any concurrent activity. In 

general, body temperatures of the rabbits and hares im

mediately after handling (insertion of probe) were 1 to 2 

C. higher than that normally maintained by an undisturbed 

animal. 

Seasonal Acclimatization 

In seasonal acclimatization changes in the total 

environment affect gradual changes in the individual, and 

the integration of these changes allows the organism to 

cope with the "new" environment on the same equivalent 
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basis as it did with the "old" environment. The result 

of the integration of these changes is not enhancement of 

survival (Hart, 1957) but is the assurance of survival at 

the same rate regardless of time of year. 

Water Loss 

Minimum water loss levels were always significantly 

lower in winter than during summer. However, water loss 

began to increase above the minimum level at an ambient 

temperature approximately 5 C. lower during winter (ca. 25 

C.) than in summer (ca. 30 C.). Above 30 C. more water 

was lost during winter than summer with the exception of 

L. californicus at 4 0 and 45 C, where no seasonal dif

ferences existed. 

In general heat dissipation through evaporative 

water loss did not vary significantly on a seasonal basis 

for the three species as a group. Total metabolic heat 

was dissipated at approximately 38 C. for L. californicus, 

40 C. for L. alleni and 41.5 C. for auduboni. 

Body Temperature 

Below 30 C. there was no linear correlation between 

body and ambient temperature except for L. alleni during 

the summer. The mean minimum levels did not vary seasonally 

and L. californicus had a higher mean minimum body 
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temperature (38.7 C.) than did L. alleni (38,1 C.) or S. 

auduboni (38.3 C.). 

Hyperthermia began at a higher ambient temperature 

in summer- than it did in winter although the difference 

is slight in £3. auduboni. In all three species hyperthermia 

began well before the metabolism started to increase in 

response to increased ambient temperatures. This gradient 

between upper critical temperature and the ambient tempera

ture at which hyperthermia began is greatest in £. auduboni 

(9.4 C., S; 6.4 C,, W), intermediate in L, alleni (2.7 C. , 

S; 6.9 C., W), and very low in L. californicus (1.1 C., 

S; 2.2 C., W). 

Above 30 C. body temperatures during the summer 

were .5 to .6 C. lower than winter values for L. alleni 

and £3, auduboni but about the same in L. californicus. 

Body equalled ambient temperature at slightly lower levels 

in summer for S, auduboni (41.8 C., S; 42.9 C., W) and 

L. alleni (40.2 C., S; 40.6 C., W) and in winter for L. 

californicus (4 0,3 C., S; 40.0 C., W). At the higher 

ambient temperatures £3. auduboni had the highest body 

temperature followed by L. alleni and then L. californicus, 

Metabolism 

Seasonal acclimatization of metabolism in the three 

species of Leporidae followed the same general trends from 
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siammer to winter. Standard metabolism increased and the 

thermoneutral zone shifted down in temperature with de

creases in both lower and upper critical temperatures. 

During winter at temperatures above the thermoneutral zone 

metabolism increased over the summer values and decreased 

at ambient temperatures below the zone. Finally, extrapola

tion of the lower line to the abscissa (ml 02/gm/hr=0) 

gave ambient temperatures approximately equivalent to 

normal body temperature during the summer but not during 

the winter when much higher temperatures resulted from the 

extrapolation. 

All of these trends are exhibited by S. auduboni 

and L. alleni except that the upper critical temperature 

of the latter species did not decrease during winter. In 

L. californicus significant differences did not occur be

tween summer and winter values of metabolism at and above 

thermo n eutr a1i ty. 

Body Weight 

Changes in body weight have received little atten

tion in terms of seasonal acclimatization (Heroux, 1961) 

but have been extensively dealt with in terms of adaptation 

to colder climates since the formulation of Bergmann's rule 

(Scholander, 1955; Mayr, 1956). In a recent study it was 

shown that body size plays an important role in adaptation 
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to environmental temperatures because of its influence on 

rates of heat loss (Brown and Lee, 1969). For this reason 

alone changes in body weight in response to seasonal en

vironmental changes may constitute an important part of 

seasonal acclimatization. Also seasonal changes in weight 

will affect weight-dependent physiological parameters and 

obscure and confuse acclimatization patterns in these 

parameters unless appropriate corrections are made. 

In this study body weight did not appear to vary 

with season when field weights were analyzed (Table 21). 

However, as pointed out earlier, the sampling technique 

was not designed to test for seasonal differences in body 

weight but to provide animals for the laboratory experi

ments. There is indication that seasonal changes do occur 

in body weight in natural populations of at least one of 

the species, S. auduboni (Haugen, 1942). Thus seasonal 

difference in body weight may well be one of the changes 

involved in the overall acclimatization of the desert-

inhabiting Leporidae. However, for purposes of discussion 

here change in body weight has not been considered as an 

integrated portion of seasonal acclimatization in the three 

leporids. 

Due to experimental technique body weight at some 

ambient temperatures did differ significantly on a seasonal 

basis (Tables 24 and 25) during the analysis of the 
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physiological parameters. These sampling-derived changes 

in body weight must be corrected for in order to ascertain 

what difference in the weight-dependent rates (metabolism 

and water loss) is due to seasonal acclimatization alone. 

In acclimatization studies change in body weight 

is a constant problem which has been ignored by some (Hock 

and Roberts, 1966) and well treated by others, particularly 

J. S. Hart. Hart has given metabolic data both on a 

weight-specific rate and on whole-animal basis (Hart, 

1962; Hart, Pohl and Tener, 1965). These two methods of 

depicting metabolism will indeed il lustrate "the maximal 

effect of differences in body weight on the results" (Hart 

et al., 1965:736). Nevertheless, both are dependent upon 

the animal's body weight and will reflect seasonal changes 

in body weight (real or sampling error) as well as in 

metabolism. 

Metabolism may also be presented on a weight-

specific basis using weight raised to the power which 

makes it proportional to metabolic rate (Kleiber, 1947). 

This power was determined as 0.83 for wild rats and assumed 

to apply regardless of ambient temperature and season (Hart 

and Heroux, 1963). With seals a 3/4 power was assumed to 

be the correct exponent (Hart and Irving, 1959). 

This method of expressing metabolism nullifies the 

effect of weight and "permits an expression of the metabolic 
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level of an animal independent of its body size" (Kleiber, 

1947:512). If the metabolism of all mammals followed that 

756 predicted for their size by Kleiber's equation (M=67.6W ) 

then it could be expressed as 3.165 ml C^/gnT^^/hr regard

less of the body size. Deviations from this rate could 

then be explained in terms other than in differences in 

body weight such as acclimation, acclimatization and 

adaptation. 

Rates of metabolism at thermoneutrality for the 

three species of Leporidae during the summer and winter 

are expressed as ratios of ml' per hour/body weight' in 

Table 26. In order to do so it is assumed that the three 

species do not deviate from Kleiber's equation regardless 

of season and ambient temperature. In all three species 

the winter rate is highest, and L. californicus as a species 

deviates the most from the perfect .756 power relationship 

of 3.165 ml 02/gm*756/hr. 

Kleiber's equation allows for a method of parti

tioning the amount of change in metabolism due to seasonal 

acclimatization and that due to seasonal change (experi

mental or real) in body weight. Given in Table 26 are the 

observed values at thermoneutrality for mean body weight 

and mean oxygen consumption (ml 02/gm/hr) of the three 

species during each season. Expected oxygen consumption 

values determined from mean body weight through use of 
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Kleiber's equation are also given,. The Kleiber values 

represent, of course, what is expected on the basis of 

body weight alone, and the seasonal difference in these 

values is due to the change (real or experimental) in body 

weight. On the other hand, the seasonal difference in 

observed mean oxygen consumption values is due to the 

change in body weight and to seasonal acclimatization per 

se. Thus the difference due to seasonal acclimatization 

alone is then simply the difference between that observed 

and that expected due to change in body weight. 

In S_. auduboni the observed metabolic value during 

the winter increased .139 ml 02/gm/hr over the summer value 

(Table 26). However, based on weight alone, metabolism 

should have decreased .011 ml C^/gm/hr during the winter. 

Thus the effect of the change in body weight on metabolism 

has obscured the total effect of seasonal acclimatization 

which is really .150 (.139+.Oil) ml 02/gm/hr. Both the 

observed and acclimatization differences are significant 

at the five percent level. 

For L. californicus the observed increase in body 

weight during the winter should have decreased metabolism at 

thermoneutrality by .011 ml 02/gm/hr--more than the decrease 

actually observed (.004 ml 02/gm/hr). The reason the ob

served difference does not equal the expected difference 



Table 26. Observed and predicted metabolism at thermoneutrality for three species 
of Leporidae in Arizona during winter and summer. (See text.) 

Metabolism Seasonal Differences 
Observed Mean Expected Observed Expected Acclimatization 

Season Weight vj.756 ^1 Mean Mean Mean Difference 

Summer 

Winter 

672.4 3.188 

708.1 3.918 

Sylvilagus auduboni 
651 .648 

+ .139 
790 .637 

-. Oil + .150 

Summer 2000.4 3.725 

Winter 2114.3 3.749 

Lepus californicus 
583 .503 

-.004 
579 .492 

-. 011 + .007 

Summer 3812.2 3.373 .451 

Winter 3255.9 3.843 .534 

Lepus alleni 
.423 

+ .083 
.440 

+ .017 + .  0 6 6  
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is because of the slight, nonsignificant seasonal acclima

tization of .007 ml 02/gm/hr. 

2-n il* alleni both observed and expected metabolic 

values at thermoneutrality increased from summer to winter. 

Approximately 20 percent (.017/.083) of the observed in

crease is due to the concurrent 556 gm decrease in body 

weight. The other 80 percent (.066/.083) is attributed to 

seasonal acclimatization. Thus the increase due to seasonal 

acclimatization is .066 ml 02/gm/hr and results in a sig

nificantly (t=3.264, P<.05) higher winter metabolism at 

thermoneutrality. 

It is obvious that this method is an excellent one 

for partitioning changes in metabolism to those due to 

actual seasonal acclimatization and those due to changes 

in weight. The drawbacks are the same as for expressing 

metabolism on a weight raised to the correct power basis. 

That is, one has to assume an exponent, or experimentally 

determine it ,  and assume that it  does not change with 

season or ambient temperature. 

From this analysis it  has been noted that seasonal 

changes in body weight, whether real or due to sampling, 

will influence weight-dependent physiological parameters. 

This influence on metabolism has been determined and cor

rected in order to ascertain what portion of the change in 

metabolism is due to weight and what portion is due to 
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seasonal acclimatization. At thermoneutrality the greatest 

portion of physiological change attributed to body weight 

was 20 percent, and changes in body weight did not alter 

the conclusion as to whether or not a significant seasonal 

acclimatization occurred. It is thus concluded that in 

this study significant changes observed in weight-dependent 

physiological parameters are due to seasonal acclimatization 

alone and not to sampling-derived seasonal changes in body 

weight. 

General 

The relationships and significance of insulation, 

metabolism and critical temperatures to climatic adapta

tions in homeotherms have been discussed extensively by 

Scholander al. (1950a, 1950b, 1950c), Scholander (1955), 

Hart and Heroux (1953), Irving et al. (1955), Hart (1957, 

1963, 1964) and Morrison, Ryser and Dawe (1959). This is 

the first study, however, in which the standard metabolism 

of the same natural wild population of homeotherms has been 

demonstrated to have undergone significant acclimatization 

in response to changes in environmental conditions whether 

they be geographical or seasonal in nature. I refer to the 

21 and 18 percent increases in standard metabolism of 

Sylvilagus auduboni and Lepus alleni during winter over the 

summer rates. This finding is contrary to that expected 
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from some of the previous considerations of climatic adapta

tion of homeotherms in the discussions cited above, 

Homeotherms maintain a constant body temperature 

under changing environmental temperatures by adjusting 

insulation or metabolism. Insulation is adjusted over the 

zone of thermoneutrality so that minimal heat production 

(standard metabolism) equals heat loss. It is assumed 

that insulation reaches its maximum value at the lower 

critical temperature. Below this temperature heat produc

tion must increase in order to maintain a constant body 

temperature and the increase in heat production is approxi

mately proportional to the difference between body and air 

temperature as would be expected from Newton's law of cool

ing. The difference between body and air temperature, the 

thermal gradient (ATC), is equal to the product of insula

tion times metabolic rate,^ TC=M X I. 

Scholander and his associates (1950a, 1950b, 1950c) 

point out, on the basis of the above considerations and 

their studies on the adaptations of various mammals and 

birds to tropical and arctic inhabitation, that homeotherms 

have three possible main avenues for adaptation to cold: 

(1) decrease the body temperature, (2) increase insulation 

and (3) increase the basal metabolic rate. They conclude, 

however, from three major points of evidence that basal 

metabolic rate is ",..inadaptive to climate" (Scholander 
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et al., 1950c:269). First, basal metabolism is fundament

ally determined by an exponential relation to size and is 

"...consequently not influenced by such factors as tempera

ture gradient and insulation which largely determine the 

heat loss..." (1950c:269). Secondly, although experimental 

exposure was known to alter basal metabolism at the time 

(Gelineo, 1934, 1939; Lee, 1942), there was no evidence 

that variation in basal metabolism of natural wild popula

tions could be correlated with climate. Finally, they 

considered increase in metabolic rate as an "...ineffective 

and expensive adjustment to a gradient which may have 

changed 10 times or morel" (Scholander et al., 1950c:265). 

Because of these factors Scholander and collabora

tors eliminated standard metabolic rate from consideration 

as a possible avenue for climatic adaptation. They also 

eliminated changes in body temperature as being equally 

inadaptive and concluded that "...phylogenetic adaptation 

to cold or hot climate therefore has taken place only 

through factors that regulate the heat dissipation, notably 

the fur and skin insulation" (1950c:269). 

For homeotherms it was not until the early 1960's 

that the occurrence of metabolic alteration as a natural 

phenomenon was demonstrated in sparrows (Hart, 1962), wild 

rats (Hart and Heroux, 1963) and white rats kept outdoors 

(Heroux, 1961). In these investigations, however, the 
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metabolic alteration occurred at the extreme lower tem

peratures where winter-acclimatized animals could increase 

heat production while summer-acclimatized animals could 

not. This phenomenon is termed metabolic acclimatization 

as opposed to insulative acclimatization, and the two 

types are not mutually exclusive since both may occur in 

the same species (Hart, 1957, 1963, 1964). 

Other investigators found that variation in standard 

metabolism between closely related species could be cor

related with the natural environmental conditions of each 

species (McNab and Morrison, 1963). It is not until this 

study, however, that basal metabolism is shown to change 

on a seasonal basis in the same natural population of wild 

animals. Furthermore, comparison of the standard metabolism 

obtained here on Lepus with that obtained by Hart et al. 

(1965) on the varying hare Lepus americanus, gives addi

tional evidence that change in standard metabolism does 

occur in the adaptation of homeotherms to different 

climatic conditions. 

L. americanus has a standard metabolic rate of .8 

ml 02/gm/hr which is 51 percent higher than the .53 ml 

02/gm/hr predicted from Kleiber's equation for an animal 

of its size (1600 gms). As pointed out earlier, the summer 

rate of L. alleni was only 6.6 percent higher than the 

predicted rate and that of L. californicus 15.9 percent 
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higher. In comparing these changes in standard metabolism 

with an estimate of the latitudinal center of distribution 

for each species of Lepus (L. alleni, 27° N; L. calif ornicus, 

35° N; L. americanus, 42.5° N) it is obvious that standard 

metabolism has increased in response to colder climatic 

conditions. 

Studies on adaptation and acclimatization to natural 

environmental conditions have been incomplete in two main 

ways. First, there have been relatively few comparisons 

of closely related taxa (genera or species). Most of the 

information has been obtained from relatively widely di

vergent evolutionary groups. Although we may know from 

these studies what adaptations have occurred in the in

habitation of new environments, we have had l ittle under

standing of the intermediate evolutionary steps involved. 

Secondly, the studies have generally been made on 

animals exposed to extreme conditions. Comparisons have 

been made either between animals l iving under extremely 

different climatic conditions (e.g., arctic vs. tropical, 

mountain vs. desert) or between species which inhabit areas 

of extreme seasonal cold. Under such extreme conditions 

it  is not surprising that the major mode of acclimatizing 

or adapting to the new environment is through change in 

insulation which is energetically less costly and more 

efficient than increasing basal metabolism. 
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Increases in both insulation and metabolism de

crease the lower critical temperature below which metabo

lism must be increased. However, an increase in insula

tion, but not standard metabolism, also decreases the amount 

of heat needed below the zone of thermoneutrality to main

tain a constant body temperature. Therefore, alteration 

in metabolism due to acclimatization or adaptation has been 

observed only in those animals whose body size is too small 

to support large insulative changes, and the alteration is 

generally of the type described by Hart (1957) for metabolic 

acclimatization. 

It is postulated, however, that alteration of basal 

metabolism plays a more important role than previously 

thought in the acclimatization and adaptation of homeo-

therms to climatic conditions. Alteration of standard 

metabolism has a major advantage over insulation in that 

it rapidly responds to changes in environmental conditions 

as evidenced by acclimation studies (Hart, 1957), Further

more it is evolutionarily a well established procedure 

among poikilotherms for acclimatization and adaptation to 

changing environments (Bullock, 1955). Insulation, on the 

other hand, is a new phylogenetic modification which de

veloped concomitantly with the development of homeotherm-

ism. 



Because it is known that insulative changes rather 

than alteration in basal metabolism are used by homeotherms 

to survive in extreme cold conditions, common sense dic

tates that we look for metabolic acclimatization under less 

extreme conditions where there is little selection for 

seasonal insulative change, where food (energy) is not a 

limiting factor, and where transients of air temperature 

below the thermoneutral zone are of short duration. In 

other words, if a given level of insulation is of basically 
* 

the same importance to the animal throughout the year, 

there would be little or no selection for seasonal insula

tive changes, and metabolic alteration would be adequate 

to meet the slight changes in environmental conditions. 

Alterations of both basal metabolism and insula

tion occurred in the seasonal acclimatization of the three 

species of Leporidae studied here. The degree of insula

tive and metabolic acclimatization varies from species to 

species. The metabolic acclimatization specifically de

scribed by Hart (1957) as increased heat production by 

winter-acclimatized animals at the lower ambient temperature 

where summer-acclimatized animals began to lose metabolic 

control is not apparent as the animals were not exposed to 

sufficient cold stress. 

Seasonal acclimatization in L. alleni (Fig. 10) 

appears to be largely due to changes in standard metabolism. 
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The slopes of the lower lines (which are 1/insulation) are 

not significantly different, and the lower critical tem

peratures l ie on the same approximate lower l ine. However, 

the significant reset between the lower lines, which re

sulted in slightly lower metabolic values during the winter, 

indicates that insulation has changed slightly. 

The extent to which insulation has changed can be 

determined by estimating insulation from the equation 

I=ATC/E where I is maximal over-all insulation;ATC is 

the critical thermal gradient (BT-LCT); and E is basal 

metabolism. To express I in units of area the surface 

area (cm^), including ears, was determined from body 

weight (gms) by the formula S=12.47W*®^ for Sylvilagus 

and S=13.22W'^ for Lepus (unpublished data). 

The insulation thus determined for L. alleni during 

winter (.56 C/kcal/m /hr) is 10 percent higher than the 

summer value (.51 C/kcal/m^/hr). The 18 percent increase 

in standard metabolism during winter accounts for 1.7 C. 

of the 3.1 C. decrease in the lower critical temperature 

which occurred between summer and winter. The 10 percent 

winter increase in insulation accounts for the rest of the 

change in the LCT and also accounts for the decreased 

metabolism at temperatures below thermoneutrality. 

Seasonal acclimatization in L. californicus (Fig. 

7) appears in direct contrast to that of L. alleni in that 
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it is accomplished entirely through change in insulation. 

Basal metabolism did not change at all, but the winter in

crease in insulation dropped the lower critical tempera

ture approximately 5 C. and lowered the metabolic rates 

required to maintain a constant body temperature at ambient 

temperatures below thermoneutrality. Insulation, estim

ated from the critical gradients, increased 40 percent 

from . 48 C/kcal/m2/hr during the summer to . 67 C/kcal/m2/hr 

in the winter which agrees well with the percentage change 

in insulation indicated by the seasonal changes in the 

slopes of the lower lines. 

Acclimatization of auduboni (Fig, 4) is similar 

to that of L. alleni in that both standard metabolism and 

insulation increased during winter over the summer rate. 

Metabolism increased 21 percent while the insulation in

creased 11 percent from a summer value of .47 C/kcal/m^/hr 

to a winter value of .52 C/kcal/m2/hr. The slope of the 

lower line also decreased during winter indicating a 20 

percent increase in insulation. 

As previously noted, extrapolation of the lower 

lines to the abscissa gives ambient temperatures"slightly 

in excess of body temperature during summer but considerably 

higher during winter. This indicates that the relation 

between temperature and metabolism does not strictly follow 

Newton's law of cooling. Since the animals were generally 
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in thermal balance, it is concluded that insulation in

creases with decreasing temperature (Hart, 1964) and more 

so in winter than in summer. Insulative values estimated 

from the reciprocal of the slopes of the lower lines sup

port this conclusion since they are much higher, particu

larly during winter, than the insulative values estimated 

from the critical thermal gradients. Of course, the values 

estimated from these gradients do not represent maximum 

insulation but only the insulation at the lower critical 

temperature. 

L. californicus has the largest geographical and 

elevational distribution of the three species (Hall and 

Kelson, 1959) and is the only one which showed no altera

tion of basal metabolism. Its response to seasonal environ

mental change is much the same as L. americanus in that 

both species increased insulation during winter from 35 to 

40 percent. 

Although both L. alleni and auduboni show 

seasonal alteration in basal metabolism, they do so for 

apparently different reasons. The distribution of S^. 

auduboni is almost as large as that of L. californicus 

but its smaller size precludes extensive insulative changes 

and allows it to be more of a weather avoider than are the 

hares. It is undoubtedly able to modify its microclimate 

by use of available natural weather shelters (burrows, etc.) 
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to the extent that it need only briefly forage into en

vironmental conditions which would operate as a selective 

factor towards insulative changes. 

L. alleni, on the other hand, has a much more 

restricted distribution and inhabits climatic conditions 

that change relatively little throughout the year. Its 

insulation is of basically the same importance throughout 

the year, acting as a protective barrier against extensive 

heat during the summer (Dawson and Schmidt-Nielsen, 1967) 

and mild cold during the winter. Seasonal acclimatization 

in L. alleni is therefore accomplished in large.part by 

changes in standard metabolism. 

Desert Survival 

Rabbits and hares are abundant and conspicuous 

inhabitors of the deserts of North America and are ob

viously able to cope with the environmental heat load and 

relative scarcity of water. However, theoretical consider

ations indicate that they face severe thermoregulatory 

problems in doing so. a further consideration of these 

problems, as discussed in detail by Schmidt-Nielsen (1964) 

and Schmidt-Nielsen et al. (1965), is in order. 

The heat gain (loss) of an animal is proportional 

to its surface area and is equal to the metabolic heat 

plus (minus) the heat gain (loss) from the environment. 
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As a result during a hot summer day in the desert the heat 

gain of small homeotherms with their large relative sur

face area and high metabolic rate is much greater than it 

is for larger animals during the same time period. In order 

to maintain thermal balance at a constant body temperature 

the smaller homeotherm must expend much greater amounts of 

water relative to their body weight than do the larger 

animals. Under desert conditions this amount of water 

would soon exhaust all available body water and result in 

the death of the animal. Small animals in the desert have 

generally solved these thermoregulatory problems by be

coming active at night and reducing the heat load during 

the day by taking advantage of microclimatic conditions 

such as burrows, rock crevices, etc. 

The jack rabbits of the desert, however, do not dig 

burrows and remain above ground throughout the day. Their 

intermediate size (2-4 kg) and large ears give them an 

extremely large relative surface area, and thus a very high 

theoretical rate of water expenditure (approximately five 

percent of their body weight per hour) is necessary to 

maintain thermal balance. This rate could not be main

tained for long in.the desert where drinking water is rarely 

encountered. 

Schmidt-Nielsen et al. (1965) conclude that the 

jack rabbits in the desert solve their thermoregulatory 
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problems by taking advantage of every possibility to min

imize the heat load and water expenditure. Primarily, they 

seek shade during the hot summer days which decreases their 

environmental heat load by an enormous amount. The full 

extent of this decrease has not yet been fully quantified 

for an animal, but data provided in Schmidt-Nielsen et al. 

(1965) on radiation from the upper hemisphere alone will 

give some idea of the benefit derived from shade. 

In the desert at approximately noon the total 

hemispherical radiation flux (measured with a Gier-Dunkle 

hemispherical radiometer) of the sun and sky together is 

about 1250 kcal/m2/hr and of sky alone 350 kcal/m2/hr. The 

radiation flux of an animal or any object can be calculated 

from the Stefan-Boltzman equation, R=4.92 x 10~^ e T^ where 

e is the emissivity and T is the absolute temperature of 

the surface. In determining radiation flux for an animal 

the emissivity term is omitted since the value for animal 

fur is 1.0 (Hammel, 1956). Assuming a surface temperature 

of 4 0 C. the animal's radiation flux is 468 kcal/m^/hr. 

Thus in direct sun the animal would gain 782 kcal/m /hr 

(1250-4 68) through radiation alone. However, in perfect 

shade (no direct sun and full hemisphere of clear blue sky) 

the animal would lose 118 kcal/m2/hr (468-350) by radiation 

to the cold sky. The real situation lies somewhere between 

these two extremes. 
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The radiation temperature of the clear blue sky is 

generally 18 to 22 C. below the diurnal air temperature at 

the ground. Knowing that the sky could therefore serve as 

a possible radiation heat sink, Schmidt-Nielsen (1964) 

suggested that the large ears of the jack rabbits could 

perhaps serve as large radiators dissipating heat from warm 

animal to cold sky. In order to do so the animal must be 

in a position where extensive clear blue sky is visible 

for radiation exchange, yet out of direct sun where it 

would absorb solar radiation. 

Schmidt-Nielsen and his collaborators (1965) found, 

however, that this is not possible in mid-day when the only 

available shade is under trees and plants where little of 

the blue sky is visible. In the late afternoons, however, 

the long shadows cast by trees and shrubs provide adequate 

shade and blue sky visibility to allow the hares to use 

their ears as radiators for heat loss even though air tem

peratures remain high. Unfortunately, no adequate data is 

available as to whether or not the rabbits do use their 

ears for this purpose. It is known, however, that in late 

afternoons the rabbits do move into this outer edge of 

shade and that changes in ear vascularity (described below) 

do occur. 

Heat load in the rabbits is also minimized by 

changes in total conductance and in vasomotor reactions of 
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the ear (Schmidt-Nielsen et al., 1965; Dawson and Schmidt-

Nielsen, 1967). When conditions are such that heat flow 

is from jack rabbit to environment (BT>AT), the blood flow 

in the ears and overall thermal conductances are high 

facilitating dry heat loss. When conditions change so 

that heat flow is from environment to animal (AT>BT) im

mediate vasoconstriction occurs in the ears, total con

ductance decreases (insulation increases) and the heat flow 

into the animal is impeded. The reflectivity and light 

transmittance of the ears and reflectivity of the fur also 

decrease the heat load by decreasing the absorption of 

visible light which is approximately 35-45 percent of the 

total diurnal heat load in the desert (Gates, 1962; Norris, 

1967). 

Increases in body temperatures at higher ambient 

temperatures also help minimize heat load and water loss. 

A rise in body temperature stores heat which can be later 

dissipated in the cooler nights without use of water. It 

also increases dry heat loss at ambient temperatures below 

body temperature and increases the ambient temperature at 

which dry heat loss is operative. Obviously when the ambi

ent temperature is above body temperature the heat flow 

into the animal is reduced corresponding to the increase 

in the body temperature above the mean minimum level. 
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Finally, the jack rabbits have a relatively high 

lethal temperature which "provides a possible safety factor 

in marginal situations" (Schmidt-Nielsen et al,/ 1965:141). 

All these factors help reduce the heat load and thus the 

amount of water used by the jack rabbits to about one-

fourth the theoretical value of five percent body weight 

per hour. 

The data I have obtained tend to corroborate the 

findings of Schmidt-Nielsen and his collaborators. The 

leporids do seek shade during the heat of summer days and 

are extremely reluctant to leave it. In fact/ the antelope 

jack rabbits will allow one to approach within a few feet 

before leaving the shade and will immediately return to it 

if the observer retreats. 

Extensive telemetric monitoring of the body tem

peratures of the three species held in an enclosure in 

their natural habitat indicates that the body temperature 

does indeed normally rise during the hot summer days (un

published data), Their body temperature increases from 

approximately 38-39 C, in the morning to 41-42 C. during 

the late afternoon. In all tests ambient air temperature 

in the shade rarely exceeded body temperature so that these 

animals were able to dissipate some heat through dry heat 

loss. There were little species differences in these 

measurements of body temperature. 
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The ear vascularity changes associated with the 

direction of the heat flux are very obvious both in the 

laboratory and in the field. Unfortunately little data 

have been obtained on how much difference these changes 

make in the over-all heat exchange of the rabbits and hares. 

Evidence gathered on domestic rabbits indicates that the 

conductivity of the ears decreased approximately five times 

when ambient temperatures decreased from 23 to 4,6 C, 

(Honda, Carlson and Judy, 1963), It is assumed that similar 

changes would occur under high heat stress. 

Water loss of the rabbits and hares does fall well 

below that predicted on the basis of their surface area by 

Schmidt-Nielsen (1964:28). The cottontail rabbit shows 

the largest deviation losing 1.5 percent of its body weight 

per hour compared to an expected rate of approximately 10 

percent of its body weight per hour. 

Differences betv/een the three species do exist 

although the extent of them has not been fully analyzed. 

In general, S. auduboni is more of an "avoider" and will 

utilize thermally favorable microclimatic situations such 

as burrows and rock crevices when chased during the heat 

of a summer day. There are, however, no available data on 

how much they will voluntarily seek such microclimatic 

conditions during the hot summer days, I do know that even 
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on the hottest days they can be observed above ground, 

albeit in the shade. 

The desert cottontail also has a very high upper 

critical temperature of 40 C. during the summer while those 

of the two species of Lepus are much lower (approximately 

33 C.). Therefore, the desert cottontail does not add 

increased metabolic heat to its total heat load until 

ambient temperatures are over 40 C, The rate of increase 

in metabolism after the upper critical temperature, however, 

is about twice as great for S. auduboni as it is for either 

species of Lepus. 

In terms of percent water lost per hour the dif

ference between species appears to be as expected due to 

the differences in body weight. However, the rate at 4 0 C. 

for S^. auduboni is lower (.460% BW/hr) than that of either 

L. californicus (.602) or L. alleni (.506). This is un

doubtedly due to the fact that 40 C. is in the zone of 

thermoneutrality for S^. auduboni but not for either species 

of Lepus. 

At 45 C. water loss in terms of surface area is 

.106 kg/m^/hr for S^. auduboni (665 gm) , .086 kg/m2/hr for 

L. californicus (1995 gm) and .094 k.g/m2/hr for L. alleni 

(3405 gm). These rates are considerably lower than that 

of .657 kg/m^/hr for a 16 kg dog or .573 kg/m2/hr for a 

96 kg donkey (from Dill in Schmidt-Nielsen, 1964). These 
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differences indicate most clearly that the leporids do 

indeed make considerable water savings through utilization 

of the mechanisms outlined above. It also indicates that 

the changes in total conductance outlined for L. alleni 

by Dawson and Schmidt-Nielsen (1967) also undoubtedly occur 

in the other two species. 



SUMMARY 

The effect of season on metabolism, water loss and 

body temperature at varying ambient temperatures was studied 

in summer and winter samples of rabbits (Sylvilagus audu-

boni) and hares (Lepus californicus and L. alleni) which 

•inhabit the Sonoran Desert. 

Sylvilagus auduboni 

The desert cottontail (700 gm), smallest of the 

three species, exhibited a classical pattern of seasonal 

acclimatization for vertebrates. Oxygen consumption (ml 

02/gm/hr) in the zone of thermoneutrality increased sig

nificantly by 21 percent from summer (.651) to winter 

(.790). The lower and upper critical temperatures decreased 

(S, 28.1-40.1 C.; W, 24.8-36.4 C.), but the temperature 

range of the thermoneutral zone stayed approximately the 

same (11.8 C.). 

The winter sample had a significantly lower rate 

of increase (slope) in metabolism below thermoneutrality 

which resulted in the expenditure of 14 percent less heat 

during the winter at 5 C. The rate of increase in metabo-

list above thermoneutrality did not change with season 
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although the summer sample consumed .476 ml 02/gm/hr less 

than the winter group at ambient temperatures above 40 C. 

As expected, the summer desert cottontail lost 

significantly less water than did the winter animal at 

the higher ambient temperatures (35-42 C.), with a sharp 

increase occurring between 30 and 35 C. during summer and 

between 25 and 30 C. in the winter. The greatest difference 

occurred at 40 C. where the summer sample lost 46 percent 

less water than the winter sample (S, ,460% BW/hr; W, .846% 

BW/hr). 

Little difference existed between seasons in terms 

of the percent of metabolic heat dissipated by water loss 

until 42 C. where the summer sample lost 25 percent more 

heat than the winter group. The summer acclimatized sample 

of S. auduboni also dissipated its total metabolic heat 

production at a slightly lower ambient temperature (ca. 

41 C.) than did the winter sample (42 C.). Even though 

more water is lost during winter, there is no increase in 

evaporative dissipation of metabolic heat production due 

to the concurrent increase in metabolism. 

The maximum rate of water loss for the cottontail 

during determination of oxygen consumption occurred in the 

summer at 45 C., with a mean loss of 1.56% BW/hr. This 

water loss dissipated 2,22 times the metabolic heat load. 
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Mean minimum body temperatures did not vary sig

nificantly with the season, averaging 38,3 C. Hyperthermic 

increases in body temperature occurred at 30.7 C, in summer 

and 3 0,0 C. in winter. The rate of hyperthermic increase 

in body temperature for S. auduboni did not vary seasonally 

and averaged ,34 C, per 1 C. increase in ambient tempera

ture, Summer acclimatized animals held their body tempera

ture approximately ,6 C, below that of the winter group at 

all temperatures above 3 0 C,, and were able to hold 2 C, 

below an ambient temperature for 45 C, for up to three 

hours, 

Lepus californicus 

The black-tailed jack rabbit, averaging 2100 gms 

and of intermediate body size, also showed significant 

seasonal changes although of a slightly different nature 

than the other two species. Unlike the others, there were 

no significant differences in standard metabolism between 

sximmer (.583 ml 02/gm/hr) and winter (.57 9 ml 02/gm/hr) . 

The summer animal had a slightly longer thermoneutral zone 

(S, 8.1 C.; W, 6.7 C.), as did L. alleni, although in L. 

californicus it resulted from depression of both lower and 

upper critical temperatures (S, 26.2-34.3 C.; W, 21.1-

27.8 C.). 
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At temperatures below thermoneutrality metabolism 

during winter resulted in a 29 percent lower heat expendi

ture at 10 C. than in summer. Theoretical considerations 

indicate that this decrease in metabolism was caused by a 

winter increase in insulation. Above thermoneutrality the 

rate of increase in metabolism (slope) was surprisingly 

greater during summer than winter. However, the metabolic 

values from 25 to 45 C. did not vary significantly on a 

seasonal basis. 

During the winter L. californicus generally lost 

more water than in the summer. Because metabolism did not 

change seasonally at and above thermoneutrality, the winter 

animals dissipated slightly more metabolic heat than did 

the summer group. Total metabolic heat production was also 

dissipated at a slightly lower temperature in winter (37 C.) 

than in summer (39 C.). 

L. californicus during maximum stress (50 C.) in 

the summer lost 1.48 percent of its body weight per hour 

resulting in dissipation of two times its metabolic heat 

production. This is slightly less than the values observed 

for S. auduboni at 45 C. 

The body temperature of L. californicus averaged 

38.7 C. and did not vary seasonally below an ambient tem

perature of 25 C. Abrupt increases in body temperature 

occurred at 33.2 C. during summer and 25.6 C. in winter. 
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The winter group unexpectedly had a lower hyperthermic rate 

of increase in body temperature (S, .22/1 C,; W, .09/1 C.). 

Body temperature was maintained 4 C. below an ambient of 

45 C. regardless of season, and in the summer maintenance 

of a gradient of 8 C. occurred for up to three hours at 

an ambient temperature of 50 C. 

Lepus alleni 

The antelope jack rabbit, largest (3300 gm) of the 

three species, gave basically the same acclimatization 

pattern as did the desert cottontail although the changes 

were not quite as dramatic nor as inclusive. Standard 

metabolism during the summer (.451 ml C^/gm/hr) was sig

nificantly lower by 18.5 percent than that of the winter 

(.534 ml 02/gm/hr). The lower critical temperature de

creased from summer (25.5 C.) to winter (22.4 C.). Since 

the upper critical temperature did not shift from approxi

mately 33 C., the winter sample had a slightly longer 

thermoneutral zone (S, 7.8 C.; W, 10.6 C.). 

Below thermoneutrality the rate of increase in 

metabolism did not vary significantly although the shift 

in lower critical temperature from summer to winter re

sulted in a 6.5 percent decrease in heat production at 

5 C. Above thermoneutrality the summer sample had sig

nificantly lower (.111 ml 02/gm/hr) metabolic rates than 
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during the winter although the rates of increase (slopes) 

did not differ. 

During the winter L. alleni lost more water at 

the higher ambient temperatures with the differences sig

nificant at 25, 35 and 40 C. However, the percent of 

metabolic heat dissipated by evaporative water loss did 

not vary seasonally. Total heat dissipation occurred at 

40 C. At 50 C. summer acclimatized animals lost a mean of 

1.15 percent body weight per hour, dissipating 1.6 times 

the metabolic heat load. 

Body temperatures during the summer were generally 

below that of the winter animals with significant differ

ences at 5, 30 and 35 C. During the summer a correlation 

existed between ambient and body temperatures from 5 to 

20 C. where body temperature increased at a rate of .06 

per 1 C. increase in ambient temperature. Body temperature 

then plateaued at 38.1 C. until another sharper increase 

occurred at 30.5 C. Winter animals, however, maintained 

a body temperature of 38.1 C. from 3 to 25 C. with no 

significant changes occurring until a sharp increase took 

place at 26.1 C. 

Hyperthermic increase occurred at approximately 

the same rate during summer and winter with body tempera

ture increasing approximately .2 C. for every 1 C. increase 



in ambient temperature. Because of the differences in 

the point at which hyperthermia began, the body tempera

tures of the summer sample averaged .5 C. below that of 

the winter group. 



CONCLUSION 

Changes in body weight in response to seasonal 

acclimatization were not evident in the three species of 

Leporidae. The observed differences in metabolism were 

partitioned into that attributed to sampling-derived weight 

changes alone and that due to seasonal acclimatization per 

se. It is concluded that the significant changes observed 

in the weight-dependent physiological parameters measured 

are due to seasonal acclimatization and not to sampling-

derived seasonal changes in weight. 

This is the first investigation in which the stan

dard metabolism of the same natural wild population of 

homeotherms has been demonstrated to have undergone sig

nificant acclimatization in response to seasonal changes 

in environmental conditions. The standard metabolism of 

Sylvilagus auduboni and Lepus alleni during winter increased 

21 and 18 percent over the summer rate. 

In three species of Lepus, there is an increase 

in the observed standard metabolic rate and their devia

tion from the values predicted from body weight in going 

from the southern and warmer climatic conditions to the 

colder, northern environment. From south to north, L. 

alleni has the lowest standard metabolic rate which is 
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closest to the predicted value, L. californicus is inter

mediate, and L. americanus has the highest value which is 

51 percent higher than predicted. It is noteworthy that 

these species follow Allen's trend but not Bergmann's. 

Thus standard metabolism does change in the accli

matization and adaptation, as well as in the acclimation, 

of closely related homeotherms. It is important, therefore, 

that the use and development of equations for predicting 

rate functions, such as metabolism, must take into account 

the state of acclimation, acclimatization and adaptation 

of the species involved. 

Seasonal acclimatization in L. alleni and 

auduboni is both insulative and metabolic in nature while 

in L. californicus it is insulative. These differences 

in acclimatization pattern can be correlated with the 

relative size, geographical distribution and microhabitat 

selection of the species. 

In terms of desert survival the three species of 

Leporidae solve their thermoregulatory problems by taking 

advantage of every possibility to minimize the heat load 

and water expenditure. 
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